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ABSTRACT
Covalent binding of trypsin to hydrogels, i.e., derivatives of 
poly(2-hydroxyethyl methacrylate), PHEMA has been effected. Reac­
tion of p-nitrobenzenesulfony1 isocyanate with PHEMA or copolymers 
containing HEMA and varying amounts of styrene followed by reduction 
of the nitro group with sodium dithionite produced p-aminobenzene- 
sulfonyl carbamates of hydrogels. Similar derivatives of poly 
(2-hydroxyethyl acrylate) or poly(2-hydroxypropylacrylate) did not 
exhibit sufficient hydrolytic stability to be considered satisfactory 
enzyme supports. The precise composition of the hydrogel carbamates 
was determined by nonaqueous titration of the carbamate moity with 
tetrabutylammonium hydroxide in isopropanol/dimethylformamide.
Treatment of the hydrogel p-aminobenzenesulfonyl carbamate with 
glutaraldehyde produced enzyme supports capable of binding up to 55 
wt $ trypsin. Incorporation of hydrophobic styrene units into the 
support reduced the capacity to 2-1+ wt $ but enhanced the specific 
activity of the trypsin. The esterase activity of bound trypsin, 
assayed with orN-p-toluenesulfonyl-L-arginine methyl ester (TAME)> 
was found to range from 11$ to 1+5$ of that exhibited by the free 
trypsin. Active-site titration of a PHEMA-trypsin conjugate with 
p-nit ropheny1-p 0-guanadinobenzoate HCl (PNGB) indicated the active 
species to be Jl$ of the total amount of protein bound. Thus, 1+5$ 
of the active sites present in free trypsin survived the immobiliza­
tion process. Casein hydrolysis by the bound trypsin was found 
to be less efficient than the hydrolysis of low molecular weight
substances. The bound trypsin was found to exhibit higher Km(app) 
values, a slight shift of pH optimum to the alkaline region, due 
to the acidity of sulfonyl carbamates, and a greater storage 
stability in comparison with free trypsin.
xi
INTRODUCTION
The term "enzyme immobilization", as defined by Zaborsky, refers 
to "the physical confinement or localization of enzyme molecules 
during a continuous catalytic process"1. The word "continuous" is 
emphasized in order to limit the definition to a reasonable extent. 
Thus an enzyme catalysing a reaction in a beaker is confined but not 
"immobilized" because the enzyme cannot be employed efficiently 
in a continuous manner. On the contrary, an enzyme contained in 
an ultrafiltration cell or hollow fiber is considered to be "immo­
bilized" because the membrane allows free passage of the product and 
permits a continuous operational mode. Likewise, the term "immobili­
zation" would also have to include enzymes contained naturally 
within cells, for these "localized" enzymes can certainly be used 
in a continuous fashion. Classically, enzymes have been immobilized 
by associating them with a water-insoluble material; hence, insolu­
bilization sometimes is used erroneously as a synonym.
From the standpoint of chemical process engineering, enzymes 
have many properties which make them ideal catalysts. They can 
operate under extremely mild conditions of pH and temperature, can 
generally induce fast reaction rates, and are extremely specific 
in the types of reaction in which they are involved. This specificity 
gives them the capability of catalyzing many reactions not possible 
with ordinary chemical catalysts. The variety of reactions which 
are controlled by these catalysts is almost endless, since enzymes
1
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are involved in ail the chemical reactions necessary to sustain the 
living cell0 In spite of this potential, enzymes have been used 
relatively little as commercial catalysts because of the serious 
drawbacks of high cost, instability, and the difficulty of sepa­
rating the enzymes from the reaction products,,
Within the living cell, the great majority, if not all, of 
the enzymes are attached to interfaces or contained within solid- 
state assemblages. When enzymes are isolated, they are removed 
from the interfaces and placed in solution. In such a condition 
the enzymes are not in their natural state and quite often are 
highly unstable. This instability, combined with the expense of 
obtaining a "pure" enzyme, has made the use of most intracellular 
enzymes economically unfeasible.
Enzyme immobilization offers exciting possibilities for the 
solution of the problems of instability and high cost. Immobilized 
enzymes are in a more natural environment and can function more 
efficiently in many cases. A variety of enzymes has been immobilized, 
and the resulting enzyme adducts demonstrate a number of distinct 
advantages over their soluble counterparts. The first advantage 
is obvious from the term '"immobilized" itself. Since the enzymes 
are immobilized, they can be easily separated from the reaction 
product. The ease of separation allows continued reuse, thus pro­
viding an economic advantage. Enzymes have been attached to a large 
number of different physical forms of solid matrices, such as 
beads of all sizes, microcapsules, sheets, membranes, filter paper,
3
and microtubes. These configurations make possible a number of 
reactor types such as fixed-bed, fluidized-bed, and slurry reactors. 
Another advantage which often, but not always, results from 
attachment of enzymes to solid surfaces is increased stability.
The majority of immobilized enzymes reported in the literature show 
increased stability both at room and elevated temperatures.2,3 
Several reports indicate the continuous use of immobilized enzymes 
over several months without significant loss of activity.3 >4>5
A number of immobilized enzymes have demonstrated properties 
different from their soluble counterparts. Enzymes attached to 
ionic matrices very often have altered pH maxima,6,7 Michaelis 
constants,8”11 and in some cases, substrate specificity.12"1'5 
These changes provide the potential for manipulation of enzymes 
for specific catalytic purposes.
Unfortunately, enzyme immobilization does not always happen 
as designed. Frequently, the enzyme loses most of its activity on 
being bound.16"18 There are times, concerning the storage stability, 
substrate specificity, and pH behavior of the bound enzyme, the 
present state of the art does not lend itself to predicting what 
the experimental outcome will be when one sets out to immobilize 
an enzyme. However, despite the possible drawbacks, the advantages 
offered by enzyme immobilization - in terms of economics, specificity, 
and engineering - far exceed the disadvantages.
It is not surprising, therefore, to find in the literature a
b
wide variety of applications of enzyme immobilization in chemical, 
pharmaceutical, medical, and food industries. Immobilised enzymes 
have been utilized in chemical processes to carry out drug syn­
thesis,19’ 20 starch hydrolysis,21"2'3 and the preparation and 
resolution of amino acids.25-32 Large scale production of high- 
fructose syrups and resolution of amino acids utilizing immobilized 
enzymes are already in commercial operation both in the U.S. and 
in Japan.
Applications of immobilized enzymes in the area of analysis 
range widely in sophistication, from a spot test for hydrogen 
peroxide33 to automated systems for the determination of glucose.34*35 
The use of commercially available electrodes with immobilized 
enzymes for analytical determinations is currently an active area 
of interest,35-40 and the term "enzyme electrode" has been coined 
to describe these systems.
Other applications involving immobilized enzymes include the 
use in correcting metabolic disorders such as the artificial kidney 
system based on immobilized urease,41 enzyme dependent fuel cells,42 
and mechanistic studies as model systems for the natural membrane- 
bound enzymes.43»44 In another important application, immobilized 
enzymes employed in affinity chromatography provide a highly 
specific adsorbent for the separation and purification of enzyme 




Although reports of enzyme immobilization go back at least 
fifty years, the method did not really become popular until the 
1950's, when Grubhefer and Schleith reported immobilizing pepsin 
and other enzymes by presumably covalently binding them to 
diazotized polyaminestyrene.51 Since then, a number of physical 
and chemical techniques have been developed, and new methods con~ 
tinue to appear. These techniques can be conveniently grouped 
into five categories, which are shown diagramatically in Figure I, 
and are discussed as follows:
a. Adsorption.
Immobilization of enzymes by adsorption offers the advantage 
of extreme simplicity; i.e., the enzyme will usually be attached 
by simple exposure of the enzyme to the solid surface under mild 
conditions. These conditions involve no reactive species and 
thus do not result in modification of the enzyme. The adsorption 
could be achieved by ionic, polar, hydrogen bonding, hydrophobic 
or n-electron interactions. Early works on protein adsorption 
have been reviewed by Zittle52 and Silman and Katchalski.53 
A few of the adsorbents that have been used are glass,52 quartz,54 
charcoal,55 silica gel,56 alumina,57 ion-exchange resins,32»58 
and bentonite.59
The primary drawbacks to the method are the extensive empirical 
experimentation necessary to find optimum conditions for adsorption
FIGURE 1 
METHODS OF ENZYME IMMOBILIZATION
A d s o r p t i  on  
© © ©
E n t r a p m e n t M ic r o e n c a p s u l a t i  on
C r o s s l in k i n g C o v a l e n t  B o n d in g
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and the ever present possibility of leakage which can be caused 
by increased concentration of substrates or ionic strength. In 
addition, the charges on the matrix necessary to adsorb the enzyme 
may not be compatible with the substrate or the product.
b. Microencapsulation
The use of semipermeable microcapsules to immobilize enzymes 
was first carried out by Chang60 and has been reviewed by Chang61 
and by Herblg.62 The principle of operation is based on the 
semipermeability of a thin wall so enzyme is physically prevented 
from diffusing out of the microcapsule while reactants and products 
readily permeate the encapsulating membrane.
Microencapsulation is accomplished by depositing polymer 
around emulsified aqueous droplets, either by interfacial coacer- 
vation or interfacial polycondensation. In the coacervation method, 
the enzyme is dissolved in an aqueous layer which is then emulsified 
with an organic solvent. To the emulsified solution is added an 
organic solution containing the polymer that will make up the mem­
brane j the formation of membrane occurs because of the lower solu­
bility of the polymer at the interface of a micro-droplet. Perma­
nent microcapsules have been made from polystyrene,60 cellulose 
derivatives,63 Silastic,64 and collodion.60»64 In the interfacial 
polymerisation technique, the initial aqueous phase of the enzyme 
also contains one of the comonomers that will make up the membrane. 
The organic layer that is added contains the other comonomer and 
the combination of the two results in the formation of a polymer
8
membrane surrounding the enzyme. The microcapsules created by 
either method range In size from 5 to JOO y, , depending on the 
experimental conditions used. Chang has shown that the thickness 
of the membrane wall of a 80 |j, diameter nylon microcapsule is about
0.2 jj,.65
Although the inherent properties of the enclosed enzyme should 
not differ from that of the free enzyme , characteristic parameters 
which are diffusion controlled (i.e., Km, pH profile etc.) should 
be subject to change. The activity of microencapsulated carbonic 
anhydrase was found to be about 10$ that of the native enzyme66 
in one case and essentially 100$ in the study of Boguslaski and 
Janik.67 A Michael is constant 5 to It times that of the free 
anhydrase was also reported by Boguslaski and Janik.
The microencapsulation process offers several unique advan­
tages over the other methods: (1) the technique provides a very
large surface area for substrate attack, (2) choice of membrane 
material, charged or neutral, would allow a large control over 
specificity, and (3) the method allows the simultaneous immobiliza­
tion of many enzymes in a single step, thus providing a way to 
multi-enzyme systems. Specific disadvantages of this method are 
the high protein concentration necessary for microcapsule forma­
tion, the possibility of enzyme incorporation into the membrane 
wall, and the restriction of substrates to low molecular weight 
substances. Occasionally, some of the interfacial polymerization
9
procedures cause enzyme deactivation.68J69 Rony70 has circumvented 
this problem by first producing hollow fibers instead of spheres 
and then placing the enzyme in the fiber and sealing the ends.
Hollow fibers have the added advantages of being easy to fill 
with many types of catalyst, allowing recovery of the trapped en­
zyme , and being mass-produced and, therefore, commercially available.
c. Entrapment
An enzyme can be occluded with a gel matrix by carrying out 
a polymerization in an aqueous solution containing the enzyme.
The monomer system used most often is acrylamide with N,N'-methylene- 
bisacrylamide as cross-linking agent. The gel can be formed as a 
thin film where it is to be used, or it can be formed in a block 
and mechanically dispersed into the desired particle size to be 
used in solution, in a column, etc. Polyacrylamide gels were first 
prepared by Bemfeld and Wan71 and later used by many others.34*38*72 
Other types of gels that have been used are starch gel stabilized 
onto polyurethane foam73*74 or silastic.75
Inclusion of enzymes in a gel requires mild reaction conditions 
and is not accompanied by significant enzyme alteration. Therefore, 
it can theoretically be applied to any enzyme. However, several 
disadvantages should be mentioned. Because there is a broad dis­
tribution of pore size in polyacryamide-type polymers, there is 
a continuous leakage of the occluded enzyme. Free radicals generated 
during the polymerizing process may cause the enzyme to lose some 
or most of its activity* further, application of the enzyme catalyst
10
requires diffusion of the substrates and products to the active 
site so the reaction is limited to small substrates which can 
diffuse readily into the gel.
d. Crosslinking
Low molecular weight bifunctional reagents have been used to 
immobilize enzymes without resorting to a polymeric backbone.76 
Experimentallys the key is to control the amount of inter- and 
intramolecular crosslinking so as to obtain a complex that is 
both insoluble and highly active. Some of the bifunctional reagents 
that have been used are listed below. It is surprising to note
S - < 0 > ~ C ^ “ “2+ +" 2 - ^ ~ C ^ - “2+ +" 2 - ^ 2 > - 0 - l < 2 T
och3 och3 co2h co2h
Diazobenzidine Diazobenzidine-3,3'-dianlsidine Diazobenzidine -3 ,3 ' -dicazhoxy.ic
acid
+N2~ C ^ “C ^ “ N2+
SO3H S03H
ho3s so3h
Oiazobenzidine-2,2'-disulfon;c acid 4,4'-Diisothiocyanatobiphenyl- 1 ,5-Difluoro-2,4 -dinitrober.zene and -3,3'-disiilfonic acid 2 ,2 ’-disulfonic acid
0 0
h -c -<c h2>3 -c - h ic h 2conh- ( ch2 )6 - nhcoch2i  o = c = w- (ch2 ) 6 - n = c = o
Glutaraldebyde W.N'-Hexamethylenebisiodoacetanr.ide Hexamethylenediisocyanate
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that all the reagents that have been used are symmetrical with 
respect to their functional groups; no hetero bifunctional reagents 
have been used,1 Several techniques have been used for preparing 
water-insoluble derivatives; (1) use of the bifunctional reagent 
alone,76 (2) use of the bifunctional reagent in the presence 
of a second protein (coprotein),77 and (3) use of the bifunctional 
reagent after absorption of the enzyme on a water-insoluble poly­
meric support.78 The first two methods are simple and give a deri­
vative that is almost pure protein. These enzyme gel derivatives 
can be dispersed readily in aqueous solutions. Shortcomings 
of these approaches are the need for fairly rigid controls of pH, 
concentrations, temperature, etc. in order to achieve efficient 
insolubilization, the need for a large amount of protein or co­
protein , the often unavoidable inactivation of the enzyme caused 
by the chemical modification, and the gelatinous nature of these 
derivatives which make it difficult to use them in some column 
operations. The third method offers a large proportion of the 
immobilized enzyme molecules for possible substrate interaction 
and f rans format ion to product. Disadvantages of this approach 
are that experimental conditions must first be determined to ensure 
good adsorption of the enzyme on the support, and the necessity 
to assure that no aggregation of individual colloidal particles 




Within the past decade, covalent binding of enzymes to insolu­
ble carriers has been the most widely used method of enzyme immo­
bilization,, The method is experimentally easy to conduct and 
consists of adding the enzyme to a suspension of the polymer, 
allowing the coupling to proceed, and removing any non-covalently 
bound enzyme by suitable washings. The solid-supported catalysts 
can be filtered and resuspended. Such easy removal allows quick 
termination of a reaction at a particular stage and permits selec­
tive or partial transformations to be achieved. In addition, 
because of the variations in the chemical and physical nature of 
the support, these immobilized enzymes can be adapted to a variety 
of specific engineering requirements. However, in preparing 
covalently linked enzyme polymer conjugates, it is highly desirable 
to know something about the chemical make-up or requirements of 
the enzyme; a "shot-in-the-dark" approach often leads to inacti­
vation of the catalyst.
Covalent binding is carried out by way of functional groups 
on the enzyme which are not essential for its catalytic activity.
The amino acid residues suitable for covalent binding are: Gr­
and e-amino groups; the phenol ring of tyrosine; ft- and y-carboxyl 
groups; the sulfhydryl group of cysteine; the hydroxyl group of 
serine; and the imidazole group of histidine. Of these, the most 
widely used are the first three. There are a large number of methods
Scheme I s Common Coupling R©actions
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of covalently coupling enzymes to water-insoluble carriers.
Several of the more common methods are shown in Scheme I. Table I 
summarizes the amino acid residues that serve as coupling sites 
in several common immobilizing methods.
Of the reactions listed in Scheme I, imidocarbonate coupling, 
reaction (e), is probably the most frequently employed method for 
covalently bound enzyme immobilization. The method is a repre­
sentation of the general two-step approach; polymer activation and 
then enzyme coupling. It involves the activation of a polysaccharide 
with cyanogen bromide to give the reactive imidocarbonate which 
subsequently reacts with the protein. Although the activation and 
coupling mechanisms have not been firmly established,79?80 the 
cyanogen bromide method has found wide applications in all fields 
of protein immobilization, mainly due to its simplicity and relia­
bility. The glutaraldehyde method, reaction (g), has the distinc­
tion of using a bifunctional reagent to intercrosslink the support 
and the enzyme. Though simple, reliable, and popular, reaction (g) 
is yet to be completely understood; the mechanism of which will 
be discussed later in the thesis. Reaction (h), dicyclohexylcar- 
bodiimide (DCC) induced coupling, can also take the two-step 
approach, but more often it is used in a one-step reaction process.
In the presence of carbodiimide, condensation via dehydration 
occurs readily between enzyme and solid support through a variety 
of functional groups. The method is not as popular as the others
TABLE I
Reactive Amino Acid Residues in Covalent Binding Methods
Covalent Binding Reagent Reactive Amino Acid Residues Reference(s)
Cyanuric Chloride Derivatives Lys 81
Diazo Derivatives Lys His Tyr Arg Cys 82
Lys His Tyr 83
Lys Tyr Arg 10
His Tyr 84,85,86
Diimide Lys Tyr Cys Asp Glu 87,88
Acid Aside Lys Tyr Cys Ser 89
Maleic Acid Lys 7
Glutaraldehyde Lys 76,90,91
Lys His Tyr Cys 92
Cyclic Imidocarbonate Lys 93
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listed, but does have potential because of its great versatility, 
its extreme simplicity, and the mild conditions under which the 
reaction is performed. All methods listed are well established, 
and the materials involved, both reagents and solid supports, 
are commercially available.
Solid supports for covalently bound enzymes are chosen on the 
basis of the following criteria: solubility, functional groups,
mechanical stability, surface area, swelling, and hydrophobic or 
hydrophilic nature. The carriers can take the form of a powdery, 
spongy, gelatinous or fibrous material. Frequently, to enhance the 
mechanical strength of the synthetic polymer, a crosslinker or 
a composite is added during polymerization. An increase of surface 
area could be achieved by reduction in the hydrophobicity of the 
polymer, thus allowing the support to swell more. However, there 
is a trade off in obtaining a large surface area; the structural 
rigidity of the support particles is reduced at the expense of a 
much larger pressure drop during column work. Sometimes, coating 
of a hydrophilic polymer on a rigid support may be the answer to 
achieve hydrophilicity with rigidity. The physical nature of 
the final support-enzyme conjugate depends in large part on the 
properties of the support used, and it takes some delicate balance 
of these properties to make the support suitable for each individual 
enzyme immobilization. Fortunately, the field of enzyme carriers 
has been well developed, and there is a wide variety of solid sup­
ports available. Essentially, solid supports can either be natural
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or synthetic; a few of the more common carriers that have been 
used are given in Table II,
In recent years, a new generation of synthetic materials has 
appeared. For example, copolymers of acrylamide and various 
functionalized derivatives of acrylamide2*3 *109"-1-1-1 are commercially 
available under the Koch-Light Laboratories, Ltd. trademark of 
Enzacryl M, AH, Poly thiol, Polythioiactone or Polyacetal. Their 
basic structure as related to the acrylamide gels utilized in 
electrophoresis because of their excellent compatability with pro­
teins. All Enzacryl supports are highly hydrophilic in nature,
exhibit low physical adsorption of proteins, and have good mechani­
cal atability and handling characteristics.
—  CH -  CH2  -  CH -  CH2 -  CH -  CH2  -  CH -  CH2 -  CH -  C H .,—
CONH2 c = o  c o n h 2 c o - x  c o n h 2
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—  CH - CH2 -  CH - CH2 -  CH -  CH2 -  CH - CHg -  CH - CH.,—
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Maleic anhydride-based polymers 95,96
Methacrylic acid-based polymers 97,98
Polypeptides 95,97








Poliodal and Copoliodal supports112"115 are homo- and copolymers 
of either lt-iodobutyl methacrylate, 2-iodoethyl methacrylate, and 
methylmethacrylate. The synthesis and enzyme coupling reactions 
are shown as follows:
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Both systems seem to be promising prospects for enzyme covalent 
binding purposes. They are particularly of interest to us because 
the system we have in mind is similar to them in many ways. To begin 
with, if the iodo functional groups of Poliodal-2 are replaced by 
hydroxyl groups, the water insoluble polymer becomes a hydrophilic 
gel known commonly as hydrogel which is a very interesting solid support.
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B. Hydrogels
Hydrogels, or water-containing gels, may be comprised of various 
chemical substances, such as gelatin, acrylamide polymers, etc. Of 
particular interest in recent years have been those hydrogels de-
Of the monomers shown, the most well known is 2-hydroxyethylmethacry- 
late (HEMA), (2)0 Other monoesters include 2-hydroxyethylacrylate
crylate (GMA), (6). The diesters, such as ethyleneglycoldimethacry- 
late (EGDMA) [(5)> n = 1 ] and triethyleneglycoldimethacrylate (TEGDMA), 
[(5), n = 5"), are used as crosslinking agents in the preparation of 
the three-dimensional polymers.
* There are two isomers possible: 2-hydroxy-1-methyl-ethylacrylate 
and 2-hydroxy-2-methyl-ethylacrylate.
rived from polymers and copolymers of (meth)acrylic esters contain­
ing at least one hydroxyl group in the side chain.
a. Monomers










(HEA), (3), and hydroxypropylacrylate (HPA), (^), and glycerylmetha-
The monomers could be prepared by either the transesterifica- 
tion of methyl (meth)aerylate with polyhydric alcohols or the 
reaction of (meth)acrylic acid chloride with the corresponding 
alcohols.116s120 j121 Diesters are prepared by transesterification 
with an excess of methyl (meth)acrylate. A series of by-products 
is usually obtained; in the preparation of monoesters, diesters are 
formed as a rule, and vice versa. The diester can be removed by 
extracting116>122 an aqueous solution of the monoester with an 
appropriate solvent, e.g., n-hexane or cyclohexane. The purified 
monomer is subjected to distillation in vacuo; however, at elevated 
temperature, the monoester undergoes disproportionation to diester 
and the corresponding acid, so that the amount of impurities can 
increase by repeated distillation. However, purification can be 
effected by column chromatography. Octylpyrocatechol, phenothiazine, 
or hydroquinone can be used as inhibitors.
b. Polymerization
The preparation of the hydrogels could be achieved by bulk, 
solution, emulsion, and suspension polymerization methods, using free 
radical initiators123»124 (e.g. , azo compounds, peroxides, redox 
catalysts). Chromecek and co-workers125 reported the preparation 
of spherical polymeric particles having grain size less than 10 
microns by suspension polymerization of HEMA and EGDMA in the pre­
sence of >  1|0 wt. °jo toluene as diluent in which the monomers are 
soluble but the copolymer is not. Solution polymerization yields, 
depending on the nature of the solvent and the concentration of the
monomer during polymerization, soluble, homogeneous or heterogeneous 
hydrogels. For example, HEMA and its diester copolymerize to form 
a transparent, homogeneous gel if the reaction mixture contains less 
than bQvjo water. If the initial water content exceeds 50$, phase 
separation occurs because water is a thermodynamically poor solvent for 
this polymer, and a heterogeneous structure is formed. Diethylene 
glycol methacrylate, [(1), n = 2], polymerizes homogeneously with 
up to 80$ water in the starting mixture, and triethylene glycol 
methacrylate [(1), n = 3],yields homogeneous products over the whole 
concentration range of water in the starting mixture.116j124 Soluble 
hydrogels were obtained, according to Chromecek and co-workers 
by using suitable solvents and controlling the concentration of the 
monomer during the polymerization. The critical concentration, Ck, 
of the diester in the monoester, at which soluble polymer was still 
obtained, depended approximately on the monomer concentration "x" 
according to the empirical equation
Ck = a/(x - a) • (100 - x)
where "a" is a constant characteristic of a given monomer-solvent 
system, and for given reaction conditions, such as temperature, 
method of initiation, etc. Suitable solvents included DMSO, pyridine, 
DMF, cellosolve, and methanol, etc.
Hydrogel preparations are usually done by copolymerizations 
of various monoesters of (meth)aerylie acid with each other. In 
these cases, an approximate equality of the copolymerization parameters,
rj_ = r2 = 1, can be assumed. Although the copolymerization of 
other monomers with the hydrogel monoesters makes it possible to 
incorporate in the polymeric chain reactive alcoholic groups, ex­
tensive data is not available in the literature on the values of 
the copolymerization parameters. The data published to date are 
listed in Table III and Table IV.
c. Properties
The hydrogels generally exhibit poor mechanical integrity.
Tear resistance is very low; data reported on hydrated polyhydroxy- 
ethylmethacrylate (PHEMA) lightly crosslinked (0.3$) with EGDMA 
and polymerized in the presence of water showed a tensile strength 
of 50 psi, an ultimate elongation of 70$ and an elastic modulus 
of lto psi.119 To circumvent the difficulties associated with 
the mechanical properties of the hydrogels, efforts have been under­
taken to develop coatings,119 which, when applied to a substrate 
material, would impart their hydrogel feature to the surface but 
would not affect the mechanical integrity of the substrate material. 
It has also been shown that mechanical properties of PHEMA may be 
considerably improved by incorporation of particles of the same 
polymer of higher crosslinking density.131?132 The ultimate tensile 
behavior at a constant elongation rate was studied with PHEMA 
swollen to equilibrium with water.11r The tensile strength and 
elongation at rupture values were found to be sensitive to tempera­
ture and to the rate of elongation, as shown in Figure II.
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TABLE III
Copolymerization Parameters of Glycol (Meth)acrylates 123’127 130
(t.6o°c)
M i m 2 r2
HEMA allylchloride 35.6 + 1.7 0.933 + o .o 48
EDMA acrylonitrile 1.24 ± 0 .1 0 .22  + 0.01
HEMA butadiene 0.70 0.21
EDMA styrene O.65 0.35
HEMA styrene O.65 0 .57
HEA styrene 0.3k ± O.03 0 .38  ± 0 .02
HPA styrene O.36 + 0.03 0.45  + 0 .03
Q and
TABLE IV
e Values for Glycol (Meth)acrylates (T, 60°C)
Monomer Q e
HEMA 0.80 0.20
EDMA 0 .88  0.24







o T = 25°C, elongation rate 1 nun/sec
© T ~ 5°C, elongation rate 10 mm/sec
Figure II Dependence of the tensile strength and elongation at
rupture of poly(hydroxyethylmethacrylate) in water to 
equilibrium at concentration "c" of EGDMA
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Owing to the difficulties encountered in removing the last 
traces of water (e.g., from moisture in air) by drying, it is 
not easy to determine the exact values of the glass-transition 
temperature for hydrogels. Tg values of dry PHEMA were dilatome- 
trically determined and found to be ranging from Tg = 86°C133 to 
Tg = 98°C;134 thus, it is higher by approximately 50°C than the 
Tg of poly(propyl methacrylate), which has a side chain of the 
same length. The hydroxyl group at the end of the side chain in 
poly(diethylene glycol methacrylate) has a smaller effect upon 
the increase of glass-transition temperature (Tg = 11°C compared 
with Tg = -17°C for poly(hexyl methacrylate).135
As discussed previously, uncrosslinked hydrogels can be pre­
pared which are soluble in strongly polar solvents such as DMSO,
DMF, and pyridine. They are not soluble in water but are soluble 
in cosolvent systems composed of water and another non-solvent; 
thus, PHEMA is readily dissolved in dioxane-water, THF-water, 
acetone-water, and ethanol-water, etc.136 The polymers are also 
soluble in aqueous solutions of some inorganic salts; perchlorates 
(Mg, Na); thiocyanates (K, Na, NH4), iodides (Na, K).
Molecular weight determination by light-scattering can be 
carried out either in DMF or in a cosolvent system.137 The molecu­
lar weight of soluble PHEMA can also be estimated by intrinsic- 
viscosity measui’ement in DMF, using the following equation,137 
['n]25° 53 8.90 x 10"5M°*72 (in dl/g)
in the molecular range 5 x 104 < M  <  J x 106.
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Generally, the swelling of a given network polymer in a given 
solvent depends on l) the interaction parameter between polymer 
and solvent, 2) the density of crosslinks, and 3) the degree of 
swelling at the time of network formation. The fact that water is 
a rather poor solvent for hydrogels is the predominant factor which 
tends to overshadow some other controlling factors of gel properties 
in aqueous systems. Thus, as seen in Figure III, homogeneous HEMA 
gels exhibit relatively constant swelling in water regardless of 
the initial dilution and the number of crosslinks.117*138 By the 
same token, the dependence of the swelling of HPA gels and GMA gels, 
to which water has higher solvent power than to HEMA gels, upon 
the initial dilution and the crosslink density can be explained.
With better solvents, the effect of the initial dilution and 
crosslink density upon the swelling of gels becomes more evident.
Investigations have been conducted on the diffusion rates of 
the electrolytes sodium chloride and potassium chloride, and of 
model organic low-molecular-weight compounds in methacrylic hydrogels 
of various compositions and structures (homogeneous, heterogeneous--- 
spongy).139”1*31 As a rule, the diffusion coefficients of the low- 
molecular-weight compounds in methacrylic hydrogels are six to 
forty times lower than the corresponding values in pure water, 
depending on the type of the diffusing compound and the degree of 
crosslinking of the gel. The diffusion coefficients in heterogeneous 
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Figure III. Swelling of Hydrogel vs Crosslink Density
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chloride decreases from 9 kcal/mole for homogeneous PHEMA down 
to h.6 kcal/mole for a spongy polymer” the latter value is close 
to the activation energy of the diffusion of potassium chloride 
in water.
Very few of the chemical properties of hydrogels have been re­
ported in literature. Methacrylic gels have been found to undergo sapon­
ification with difficulty and acid hydrolysis much more slowly.142>143 
In the alkaline hydrolysis of the polymer of diethylene glycol 
methacrylate and its diester with a sodium hydroxide solution,142 
the chemical transformation is first observed with monoester groups, 
and the saponification of the diester groups occurs, to a lesser 
extent, after approximately one-half of the carboxyl groups has been 
released; a majority of the crosslinks is destroyed only at the 
final stage of the hydrolysis.
d. Applications
So far, studies of hydrogels have been geared mostly toward 
medical applications. A number of experiments have been devoted 
to the investigation of the effect of PHEMA inplants to the 
surrounding tissues.144,i45,146,198 phEMA gels in the form of 
implants have been applied in almost all branches of surgery, in­
cluding as urether prostheses,147 for corneal glaucoma drains,148 
and in plastic surgery,149 etc. As to external applications, the 
uses of hydrogels in soft contact lenses150 >151 and in soft lining 
of dentures152 can be given as examples. Uncrosslinked HEMA polymers,
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which in equilibrium with water are transformed into strongly 
swollen plastic gels, are suited for the surface treatment of other 
materials. Even a thin layer of this polymer, formed, for example, 
by evaporation of a water-alcohol solution of the hydrogel, can 
considerably improve the physiological tolerance. This fact has 
been made use of in the preparation of surgical sutures153 or 
rubber catheter.154
In recent years, there is a growing interest in hydrogels as 
promising solid supports for protein immobilization. O'Driscoll 
utilized crosslinked PHEMA gels to entrap trypsin155 and glucose 
oxidase.5 Activity was retained in both cases. The latter entrapped 
enzyme was used in the continuous monitoring of blood glucose in 
a specially designed reactor system; one reactor was reported to 
have been used with the same gel in it for more than 200 hours over 
a three month period without any detectable loss of enzyme activity. 
Another investigation reported the covalent binding of trypsin to 
crosslinked acrylamide-HEMA copolymers by the use of CNBr, result­
ing in trypsin derivatives showing 35<j> of activity in relation to 
free enzyme.156 Hydrogels containing PHEMA and varying other com­
ponents were radiation-graft copolymerized, yielding materials found 
to be nonthrombogenic and used as solid supports for the immobiliza­
tion of CK-chymotrypsin,157 and other proteins.158 Binding of biolo­
gically active compounds, like enzymes, hormones, antibiotics, etc, 




As previously discussed, hydrogels, natural or synthetic, are 
good prospects as solid supports for enzyme immobilization. Some 
of them, such as polymers containing polyacrylamide, have been well 
established for that purpose. The use of polyhydroxyalky1(meth)- 
acrylates in enzyme immobilization has just begun to occur. However, 
from a review of the literature, it appeared that hydrogels, 
noticeably polyhydroxyalkyl(meth)acrylates and collagen, were utilized 
as support materials to immobilize enzymes mostly in methods other 
than covalent binding. Some uses of gels containing PHEMA were 
reported for enzyme entrapment.5 *155 When they were involved in 
covalent binding of enzymes156*159 polyhydroxyalkyl(meth)acrylates 
were activated almost exclusively by CNBr. Collagen, another 
hydroxy-rich hydrogel, often used in adsorption of enzymes, has 
hardly ever been tried in covalent binding. It was our intention, 
therefore, to look into the use of hydroxy containing hydrogels 
as support materials along with the synthesis of reagents capable 
of modifying the hydrogel and eventually binding enzymes. The 
reagents we had in mind were arylsulfonyl isocyanates. The modifi­
cations that were expected from the reaction of these reagents with 
the hydrogels were a lengthening of the side chain and the intro­
duction of acidic carbamate groups into the polymer. We wished to 
investigate the effects of these modifications of hydrogels on 
enzyme immobilization.
RESULTS AND DISCUSSION
A. Collagen and p-Toluenesulfonyl Isocyanate
In a search for hydrophilic polymers which could be utilized 
in enzyme immobilization, we initially attempted to functionalize 
collagen. Aside from being a naturally occuring hydrogel with 
properties such as high hydrophilicity and good mechanical strength, 
collagen was particularly attractive for our purposes because of 
its high hydroxyIpro1ine content which, in theory, would provide 
many pendent hydroxyl groups to react with arysulfonyl iso­
cyanates. The resulting carbamate derivatives could then be utilized 
in binding enzymes by covalent bonding. However, it was found 
that carbamation did not occur readily if at all. Unlike cellulose, 
which swelled and eventually dissolved when treated with p-toluensul- 
fonyl isocyanate in pyridine,164 collagen did not appear to react 
under any conditions when treated with the same reagent.
The inertness of the pendent functional groups in collagen is 
undoubtedly due to the unique structure of collagen, which consists 
of three parallel peptide chains wrapping around one another in 
such a way that the substituents are either forming intermolecular 
hydrogen bonds or are not accessible because they are buried deep 
in the tightly packed triplet. To expose these substituents, 
attempts have been make in our laboratory to hydroxylalkylate the 
collagen molecules before the p-toluenesulfonyl isocyanate treatment. 
By using reagents such as ethylene oxide and formaldehyde, we hoped
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to expand the protein structure and extend the existing hydroxyl
groups beyond the collagen coil. Unfortunately none of the methods 
seemed to work. Little or no reaction was observed when the condi­
tions were mild, and extensive decomposition occured at higher 
temperature and pressure. The decomposition destroyed the mechani­
cal strength of the collagen and complicated product analysis.
In fact, the lack of simple methods in analyzing the collagen deri­
vatives was one of the reasons for abandoning collagen as the 
substrate for sulfonylisocyanate carbamation. Further, the modified 
collagen no longer appeared useful as an enzyme support.
B. Hydrogel Systems
Polyhydroxyalkyl methacrylates and polyhydroxyaIky1 acrylates 
appeared to be promising substrates for our investigations. The 
monomers are readily available and the polymers are simple to prepare. 
While highly hydrophilic, hydrogels such as poly(2-hydroxyethy1 
methacrylate) , PHEMA, and poly(2-hydroxypropy1 acrylate), PHPA, are 
not water soluble; however, they can be dissolved in some organic 
solvents.136*165 PHEMA, the most well known of the hydrogels, was 
reported to be stable enough to resist acid or base hydrolysis143 
but the pendent hydroxyl groups were readily available for chemical 
reactions.142*143 Furthermore, the gels are ideal for biological 
applications because they exhibit remarkable biological compatibil­
ity.144"146 However, hydrogels do have their shortcomings. 
Noticeably, as discussed in the introduction, these gels in their
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non-reinforced forms generally exhibit poor mechanical integrity 
which makes them unsuitable for applications in which they would 
be subjected to forces. For the time being, the mechanical problems 
of the hydrogel are of minor concern to us, our main concern being 
to investigate the feasibility of reacting the gels with sulfonyl 
isocyanate and eventually utilizing the derivatives in enzyme 
immobilization. Nevertheless, we intend to copolymerize the hydrogel 
monomers with some hydrophobic elements to modify the mechanical 
characteristics of the hydrogel as well as to study the effect of 
the change of hydrophilicity on enzyme immobilization.
The preparation of non-crosslinked hydrogels requires careful 
monomer purification. As mentioned earlier, the monomers of hydrogels 
generally contain the corresponding diesters, and an equilibrium
between the diesters and the monomers occurs. Quantitative remova1 of 
the diesters is difficult and expensive. However, the diester con­
tent can be reduced to about 0.5$, adequate for our purposes, by 
extracting commercially available monomers with hexane and distill­
ing the extracted monomers _in vacuo.
To facilitate subsequent reactions and analysis, the hydrogels 
investigated were prepared under conditions which yielded homogeneous 
and soluble polymers. The method of Chromecek and co-workers144 
was used for that purpose. Essentially, hydrogels which could be 
dissolved in organic solvents were produced by solution polymerization
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in an excess of thermodynamically good solvents. Dimethylformamide 
(DMF) was the solvent of choice, a ratio of solvent to monomer at 
about 5:1, was optimum, and benzoyl peroxide (BPO) was used as 
the initiator. Table V summarizes the hydrogel systems prepared 
and the conditions under which the synthesis were performed.
In addition to the three homopolymers, two copolymers containing 
HEMA and styrene were also prepared. Styrene was chosen because 1)
it is chemically stable so that its participation in the gel will
not interfere with reactions intended for the hydrophilic esters,
2) it is highly hydrophobic so that the effect of blending two 
extremes of physical characteristics in a polymer can be investigated, 
and 5) as seen in Table III, the copolymerization reactivity ratios 
between styrene and HEMA are very close so that a random distribution
of the two monomers can be expected in the copolymer.
In addition to the systems listed in Table V, PHEMA films cross- 
linked by 1 °jo EGDMA were prepared by sandwiching the monomers, contain­
ing 0okio BPO and <  10$ water, between glass plates spaced by scotch 
tapes at the edges. The films could be used for IR analysis, but, 
as expected, they lacked mechanical strength and were difficult to 
retain in one piece. However, it was found that reinforcement by 
a little fibrous material such as a slice of thin lens paper could 
greatly improve the mechanical stability for the films without losing 
any of their original capacity for swelling and deswelling.
Table VI indicates the relative degree of swelling and solubility
TABLE V 
Preparation of Hydrogels









HEMA, 18 g Benzene 79 3.1
Copoly(2-Hydroxyethy1 Methacrylate- 
Styrene), CP(HEMA-STY) (8)
HEMA, 13 g (0.1 m) 
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HPA, 30 g Benzene 70 2.k
Poly(2-Hydroxyethy1 Acrylate) 
PHEA (11)
HEA, 30 g Benzene 60 2.2
amonomer:solvent (DMF) =1:5 v/v, initiator = BPO (0.3 wt $ of solvent), reaction time = 1L hours, 
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for the hydrogels. Of the homopolymers, PHEMA is the easiest to 
handle, and the least hydrophilic. PHEA, on the other hand, is 
almost water soluble, and it forms a sticky gel which is very 
difficult to work with. The copolymers (8) and (9), as expected, 
are much less hydrophilic than the homopolymers?, hydrogel (8) 
exhibits slight swelling in water, hydrogel (9) is hardly wettable.
C. Chemical Properties of Hydrogels
The information provided in T-ble VI is essential when the 
chemical properties of the hydrogels are considered, because the 
main prerequisite of the reaction of hydrogels is dissolution or 
swelling in a reaction medium. Accordingly, solvents such as 
dimethylformamide, pyridine, and tetrahydrofuran which are shown to 
exhibit the greatest solvating power toward hydrogel systems are 
the solvents of choice for chemical reactions. The reactions studied 
are, on the one hand, reactions of the carboxyl group accompanied by 
cleavage of the ester bond, and, on the other hand, reactions taking 
place on the hydroxyl group. The course of the reactions has been 
determined from the results of elemental analysis, from the chemical 
behavior of the modified hydrogels, from the IR spectra, and es­
pecially by aqueous and non-aqueous titrations.
The ester bond of PHEMA has been reported143 to be very stable 
in acid? in fact, we observed that none of the hydrogels dissolved 
in acid, barely hydrolysed, and prolonged heating only led to darken­
ing of the polymer to a brown color. We also found that both
ko
methacrylate and acrylate gels dissolved in base, but the saponifi­
cation of PHEMA occured at a finite rate at 100°C and with diffi­
culty at room temperature, as seen in Figure IV. Acrylate gels 
undergo hydrolysis much more readily, as illustrated by the sub­
stantial hydrolysis of PHPA at room temperature and the quantitative 
hydrolysis at 100°C in 20 hours. The greater resistance to hydrolysis 
of methacrylates can be attributed to the steric hindrance of the 
carboxyl group by the substituents on the alpha-carbons. The struc­
ture of the methacrylate repeat unit resembles the low molecular 
weight esters of pivalic acid, which are very resistant to hydrolysis.
Other reactions of nucleophilic reagents with the ester bond in 
the PHEMA systems proceed with difficulty if at all. In agreement 
with observations reported in literature,143»166 reagents such as 
methylamine, aniline, hydroxylamine reacted very slowly with PHEMA, 
and hydrolysis, however slow, was found to be a competing reaction.
In contrast, acrylate gels dissolved and frequently decomposed when 
treated with the same reagents. Due to the demonstrated lack of 
stability of hydrogels based on acrylates, our efforts were directed 
more to the systems involving PHEMA, which exhibit sufficient sta­
bility for our purposes.
Among the reactions of hydrogel, the ones involving substitution 
of the pendant hydroxyl groups are of primary interest. It is 
encouraging to learn, therefore, that the hydroxyl groups exhibit 
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Figure IV. Hydrolysis of poly(2-hydroxyethy1 methacrylate) and 
poly(hydroxypropyl acrylate) in 0.35 M K0H.
k2
halo derivatives by the use of trialkyl phosphorane dihalides.167 
The reaction of the same polymer with acetic anhydride in pyridine 
has been reported,143 and been confirmed in our laboratory, to 
proceed relatively easily up to high degree of conversion. In fact, 
an attempt has been made in our laboratory with some success to 
use this reaction to estimate the hydroxyl content of our hydrogel 
systems. This attempt was in conjunction with the modification of 
PHEMA with ethylene oxide to yield a product with much greater 
solubility in water than that of the starting hydrogel. The start­
ing material and the product were treated with excess acetic anhydride, 
and the residual anhydride was estimated by titration. Consequently, 
the hydroxyl values, defined as equivalents of hydroxyl per 100 g 
of polymer, were found to be O.658 and 0.582 for PHEMA and its 
ethylene oxide treated derivative, respectively. The solubility 
increase together with the decrease of hydroxyl value seemed to con­
firm a reaction of PHEMA with ethylene oxide to produce a hydrogel 
containing poly-(diethyleneglycol methacrylate). Based on the 
hydroxyl values, the acylation of PHEMA by acetic anhydride was 
estimated to be 85̂ 5 and the successful extension of PHEMA on the 
hydroxyl side chain by ethylene oxide was found to be about kj°jo.
D. Modification of Hydrogels with Arylsulfonyl Isocyanates
Arysulfonyl isocyanates are very reactive acylating reagents 
which react even with hindered hydroxyl groups to produce arysulfonyl 
carbamates.168>169 Such sulfonyl carbamates are strongly acidic
and are relatively stable to concentrated (10$) caustic solution.170 
The reaction of cellulose with p-toluenesulfonyl isocyanate, which 
yields the corresponding carbamate with a degree of substitution 
of 2.h, has been utilized to produce a cation exchange resin.164 
Accordingly, hydrogel arylsulfonyi carbamates are expected to carry 
a charge in basic solution. The ionized sulfonyl carbamates enhance 
the hydrophilicity of the copolymers with styrene, and provide 
counterions for the trace metals frequently associated with enzyme.
As a result, the hydrogel carbamates could be a very versatile 
enzyme supports. Furthermore, the introduction of an arylsulfonyi 
carbamate substituent substantially increases the length of the side 
chain, which may also prove to be desirable for enzyme immobilization, 
because a longer "space arm" has been reported to increase the 
extent of binding for biomolecules on copolymers containing HEMA 
and N-vinylpyrrolidone.158
To demonstrate the feasibility of using the arylsulfonyi iso­
cyanates to modify our polymer systems, the hydrogels were treated 
with p-toluenesulfonyl isocyanate (PTSl) and p-nitrobenzenesulfonyl 
isocyanate (PNBSl). The reagents were prepared by phosgenation of 
the corresponding arysulfonamide in the presence of n-butyl isocyanate, 
which served as a catalyst.171 Successful conversions seemed to 
depend on the amount of catalyst used; at least twice that suggested 
by the authors was required to achieve consistent results, according 
to our experience.
R -<g>-SOE-NHE -nUbu^rfsocyanate E -<5>-S0e-N-C>0
R => -CH3 s p-toluenesulfonyl isocyanate (PTSI),
R - -NOp, p-nitrobenzenesulfonyl isocyanate (PNBSl),
Both PTSI, a colorless liquid at room temperature, and PNBSI, a 
light yellow solid, are extremely reactive. Dimethy1formamide 
and dimethylsulfoxide, which are good reaction media for hydrogels 
cannot be used because sulfonyl isocyanates react with them. Dry 
pyridine, which forms a complex with both reagents, and dry tetra- 
hydrofuran are suitable solvents.
The formation of PTS-carbamates of the hydrogels can be followed 
by observing the reduction in intensity of the IR absorbance band 
at 3600-3500 cm"1 (2.78-2.86 p,) , indicating the loss of the hydroxy 
groups 5 by the appearance of a shoulder or a peak at 32OO-3O5O cm"1 
(3.13"5»28 p,), corresponding to the NH stretching vibration, and 
the appearance of a pair of bands at 1385-13^0 cm"1(7.22-7. k6 p,) 
and 1185“1160 cm“1(8. 4^-8.62 p,), corresponding to the asymmetric 
and symmetric stretching vibrations of the sulfonyl groups respective­
ly. In addition to the absorption bands cited above, the presence 
of typical aromatic absorbances at 6.25 M> and 12,2 p, can also serve 
to distinguish the homopolymers from their PTS-carbamate derivatives.
1
A typical series of IR spectra is shown in Figure V, illustrating 
the changes that occured when hydrogels were treated with PTSI. We 
observed that spectra of PHEMA, PHPA and PHEA are almost identical 
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Infrared spectra of:(a ), poly(hydroxypropyl acrylate); (b ), poly
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calculated from the results of elemental analysis, are shown in 
Table VII. It was found that under the same reaction conditions, 
the ease of carbamation by PTSI followed the order of PHEMA < PHEA < 
PHPA.
A typical IR spectrum of hydrogel-PNBS-carbamate is presented 
in Figure VI (a). In addition to the normal sulfonyl carbamate 
absorbance bands, the appearance of the very strong nitro group 
absorbance at I53O cm”1 (6.5 (a) should be noted. This absorbance 
has been observed in the spectra of all the hydrogel-PNBS-carbamates 
and seems quite characteristic. The PHEMA-PNBS-carbamates are 
formed more readily than the PTSI counterparts as indicated in 
Table VII, by the higher extent of reaction under comparable condi­
tions. For comparison, PHEMA was also treated with p-nitrophenyliso- 
cyanate(PNPl), a common enzyme coupling reagent. The ease of car­
bamate formation, as expected, was found to follow the order of 
PNBSI >  PTSI > PNPI. Also as expected, the carbamation of hydrogels 
by sulfonyl isocyanates enhances the hydrophilicity of the gels; 
the hydrogel carbamate derivatives swell more extensively in water 
and dissolve more readily in base than the original hydrogels.
However, their solubilities in various solvents remain more or less 
the same. The stability of the hydrogel derivatives in acid and base 
seems to parallel that of the original gels. For example, when 
PHEMA-PNBS-carbamate was subjected to 2N HCl or 2N NaOH for 12 hours
at room temperature the extent of dissociation of the substituent was 
found to be k°/o and 17$ respectively, based on the loss of nitrogen con­
tent .
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TABLE VII M ODIFICATION OF HYDOGELS
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Figure VI. Infrared spectra of: (a ), copoly(hydroxyethyl methacrylate-styrene) p-nitrobenzene-
sunfonyl carbamate; (B), copoly(hydroxyethyl methacrylate-Styrene) p-aminobenzenesulfonyl carbamate.
OO
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E. Reduction of the Hydrogel PNBS-Carbamates
In order to produce a hydrogel system suitable for enzyme 
immobilization, it is necessary to reduce the nitro groups on the 
hydrogel-PNBS-carbamates, according to the scheme as follows:
-(Hydrogel)- - -(Hydrogel)- rei, ■ -(Hydrogel)-




Most techniques for reduction of nitro groups reported in 
literature involve extreme reaction conditions. For example, the 
majority of syntheses employing stannous chloride as a reducing agent 
have been carried out in concentrated HCl.172 Reductions using 
phenyl hydrazine are generally run at elevated temperatures.173 
Either of these conditions would cleave the ester moiety or the 
carbamate linkage. Catalytic hydrogenation has been used to reduce 
nitro compounds, but it was felt that the catalysts required would be 
difficult to remove from the product. The use of sodium dithionite 
(sodium hydrosulfite, NagS^O.^) seemed the best method since reduction 
occurs under very mild conditions and it has been the reagent of 
choice for reducing nitro groups in the synthesis of other inert sup­
port and reagent complexes for binding enzymes.94>105»174>175 One 
of the limitations of sodium dithionite as reducing agent for aromatic
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nitro compounds in its poor solubility in organic media commonly 
employed in this kind of reaction,, Very often, hydrophobic materials 
cannot be reduced under heterogeneous aqueous conditions» However, 
since our hydrogel systems are quite hydrophilic in nature, it was
hoped that by using miscible mixed solvents such as H^O-THF the reduc­
tion could be accomplished.
Reductions employing sodium dithionite were effected successfully 
on all the hydrogel-PNBS-carbamates„ THF was the solvent of choice 
because it was a good solvent for the hydrogel derivatives and it was 
easy to remove from the product. Addition of an aqueous solution 
of sodium dithionite to the polymer solution resulted in varying 
degrees of phase separation, but after heating the well-stirred mix­
ture for about k hours at 70°C, 65-100$ reduction was achieved„ 
Attempts were made to enhance the solubilization of sodium 
dithionite in the organic solution by using crown ethers, THF solu­
tions of 5$ dibenzo-18-crown-6 and dicyclohexyl-l8-crown-6 were 
used, with and without water, but no improvement of reduction was
observed. In fact, when crown ether was used in THF solution without
water, no reaction occured at all after 5 hours of heating at 70°C.
Spectral confirmation of the reaction was based on the infrared 
of the reduced material, Figure VI (b)„ The appearance of absorbances 
at 3^60-3378 cm-1 (2.81-2.96 (i, ) are typical of aniline derivatives. 
However, because the resolution of the NH absorbances, both stretching 
and bending, was sometimes poor, a better indication that the reaction
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had taken place was the disappearance or the reduction in intensity 
of the strong asymmetric stretching vibration of the nitro group at 
I53O cm“1(6. 5 M*) •
The same reduction method was also carried out on hydrogel 
derivatives of p-nitrophenyl carbamate (71)), (8D), and (9D). No 
reaction occured after 1). hours heating at 70°C. Prolonged heating 
yielded products with little nitrogen content. The spectra of these 
products were similar to those of the original hydrogels, indicating 
that cleavage of the carbamate linkage had occured,
F. Determination of Sulfonyl Carbamates by Titration Methods
O-ethyl-N-(p-toluenesulfonyl) carbamate was reported to exhibit 
an acidity comparable to that of acetic acid.170 The acidities of 
arylsulfonyi carbamates attached to a polymer were found to be much 
lower; titration of PHEMA derivatives of p-toluenesulfonyl carbamate 
and p-nitrobenzenesulfonyl carbamate gave pKa values of J.O and 5-9 
respectively in aqueous-alcohol solution. This change in acidity 
is due to the Donnan effect , i.e., in a solution of polyelectrolytes, 
a considerable fraction of the counterions remain closely associated 
with the polyion even if the system is highly dilute. With polymeric 
acids the polyanion attracts the hydrogen ions thus yielding a lower 
apparent ionization constant for the polymer; with polymeric bases, 
on the other hand, the hydrogen ions will be repelled by the poly­
cation and the acid strength of the polymer will increase with its 
charge density.
Replacement of the nitro substituent with an amino group in 
the hydrogel derivative introduces a basic functional to a system 
which already has an acidic carbamate on the same pendent chain.
This raises the possibility of zwitterion formation. However, 
further investigation proved this not to occur. First of all, 
the reduced product did not show any marked changes in either its 
solubility or its melting point when compared with the original 
carbamate. Secondly, the pKa of the reduced carbamate, found to be 
about 6.8, was not markedly different from that of the singly 
charged p-toluenesulfonyl carbamate, which is consistent with an 
electron donating amino substituent. Finally, even though the pKa 
of the amino group was unknown it was expected to be even less basic 
than aniline which has a pKa value of 4.9. In other words, the 
amino group is definitely exhibiting a basic pKa numerically lower 
than the acidic pKa of the carbamate, a situation practically ruling 
out the possibility of zwitterion formation because the acidic and 
basic groups are not strong enough to neutralize one another.
We wished to determine the percent conversion of nitro to amino 
groups in the hydrogel derivative titrimetrically. It was soon 
clear that titration of the aromatic amino group was not feasible 
because there were no suitable solvents. Dimethylformamide, pyridine, 
and tetrahydrofuran which dissolved the hydrogel derivatives could 
not be used because they were basic enough to react with the titration 
product, the protonated amino groups, making a sharp end point no 
longer available. Acidic or neutral solvents such as acetic acid and
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nitromethane could be used for the titration of aromatic amines but 
none of them dissolved the hydrogel derivatives.
Thus, we had no choice but to use methods which could distin­
guish between a nitro substituted carbamate acidity and an amino 
substituted one. An initial attempt was made to utilize the slight 
acidity difference between these carbamates exhibited in aqueous 
media. However, the similarities of pKa's involved, coupled with 
polyanion Donnan effects reduced the chances of obtaining clearly 
distinguishable breaks in the titration curve. This technique could 
be employed only for the estimation of total acids present. Further­
more , due to poor solubility in water, the hydrogel derivatives had 
to be dissolved in base and then back-titrated with acid. The 
dissolution step often required several hours, meaning that there 
was a probability that some hydrolysis might occur.
Nonaqueous potentiometric titration provided an effective solu­
tion to these problems. Using dimethylformamide as solvent, which 
dissolved almost all the hydrogels and their derivatives, and tetra- 
butylammonium hydroxide (TBAH) in isopropanol as titrant, the 
titration could be done with any potentiometer using glass and calomel 
electrodes. End points were recognized at the potentiometric breaks 
or by the aid of indicators, and the relative strengths of the acids 
could be readily determined in terms of half neutralization potentials, 
HNP. Tetrabutylammonium hydroxide in nearly anhydrous isopropyl 
alcohol solution has a number of advantages over more conventional
5^
titranfcs for weak acids in nonaqueous solvents. The tetrabutyl- 
ammonium salts of most weak acids are more soluble in organic 
solvents than are the corresponding sodium or potassium salts; 
thus, difficulties due to precipitation are minimized. The titrant 
can be used with the glass electrode without the pronounced loss 
in sensitivity in the highly alkaline region which is encountered 
with titrants containing sodium and potassium. The advantages of 
DMF as a solvent for non-aqueous titrations, i.e. , ready availability 
in a satisfactory degree of purity, excellent solvent power, par­
ticularly for polar compounds, and freedom from odor and toxicity must 
be weighed against its relatively high reactivity. DMF tends to 
react to some extent with strong acids,176 and it gives inconsistent 
results when very weak acids are involved probably due to the effect 
of the small amount of water present. Fortunately, most of our titra­
tion work seems well within the useful range of acidity for DMF.
The hydrogel derivatives exhibit half neutralization potentials 
within + 200 mv, which correspond roughly to pKa values between 5 and 9 
in aqueous media. Thus, the method is valid so long as the titration 
conditions are kept constant; best results are obtained when sub­
stances to be titrated are chemically related and the sample size and 
amount of solvent used are kept within a close range.
A series of typical titration curves are shown in Figure VII, 
while Figure VIII shows the list of half neutralization potentials 
of hydrogel derivatives. It should be noted that HNP values change 














Figure VII. Potentiometric titration of hydrogel derivatives in dimethylformamide with 
tetrabutylammonium hydroxide in isopropanol; glass and calomel electrodes.
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Figure VIII. Half neutralization potentials (HNP) of hydrogel
derivatives in dimethylformamide. Titrant: tetrabutyl-
ammonium hydroxide.
57
Figure IK. Complete Analysis of Copoly(Hydroxyethyl Methacrylate- 
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very small relative to the changes in the relative acid strengths of 
the various carbamate derivatives, and it is possible to identify 
these compounds individually or in a mixture. Sometimes, however, 
although the correct total acid titer is obtained, the ratio of 
different acid groups in a polymer is subject to an error of up to 
2$. With the combination use of both the aqueous and non-aqueous 
titration methods and elemental analysis, the precise composition 
of a hydrogel derivative can be calculated. Figure IX depicts a 
complete analysis of a typical product from a modified copoly(hydroxy­
ethyl methacrylate-styrene) resin.
G. Immobilization of Trypsin on Hydrogel p-Aminobenzenesulfonyl- 
carbamates
With the reduction of the aryl nitro groups successfully 
accomplished, it now became necessary to modify the amino group so 
enzymes could be attached to the support. This could be done in many 
ways3 the most common being through the use of glutaraldehyde or 
by way of diazonium salt. Scheme II shows the methods being tested 
in an effort to immobilize trypsin on our hydrogel systems.
Although glutaraldehyde is structurally a simple molecule, its 
exact structure in aqueous media is complex and seems to depend on 
concentration and pH. Nuclear magnetic resonance studies by Richards 
and Knowles177 indicated that the widely used commercial solution 
(25”50$ aqueous) contained significant amount of orunsaturated alde­
hydes , (12) in Scheme III, due to aldol condensation reactions.
However, work by Hardy et al.178 with NMR and UV indicated that the
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unsaturated compounds were present in only minor amounts in neutral 
media and the dialdehyde exists as the three hydrates shown in 
Scheme III. Hardy and co-workers did find evidence for the unsat­
urated species (12) in weakly alkaline solutions (pH 8). Richard 
et al.177 propose a Michael type addition of the amino groups to 
the a-B"unsaturated polymer to give (13) while Hardy et al.178 feel 
the dialdehyde (1^) or the hydrates are responsible. Most recently, 
Hardy et al.,179 based on the isolation of compound (I5) by acid 
hydrolysis of the product of the action of glutaraldehyde on 
ovalbumin, suggested that glutaraldehyde reacted with proteins to 
form quaternary pyridium compounds. Studies by others92’180 concern­
ing the addition products have shown the amino acids lysine, tyrosine, 
histidine and cysteine play the major role in the reaction with 
glutaraldehyde.
The addition of an excess of glutaraldehyde in neutral media 
to the reduced hydrogel PNBS-carbamates followed by reaction with 
trypsin appeared to be successful. The carbamates seemed to swell 
slightly upon addition of the dialdehyde. After the initial reaction, 
the excess glutaraldehyde was washed off with buffer and the enzyme 
was allowed to react at 5°C overnight in pH 8 borate buffer.
Repetitive washings were carried out until the wash showed no 
activity toward TAME, a common substrate for trypsin. The suspension 
was stored in pH 8 borate buffer at 1|°C„
To ensure that the immobilization did occur as designed, two
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parallel tests were run, following the same procedures and under 
the same conditions described above, except that the unreduced 
PNBS-carbamate was used instead of the reduced derivative, or the 
glutaraldehyde was omitted (Scheme Il)„ In both cases, no 
activities were detected for the final products, indicating that the 
difunctional aldehyde did react with the amino groups on the reduced 
derivative and that the immobilization of trypsin was through a 
covalent bond linkage instead of a possible adsorption on the surface 
of the hydrogelo
After the demonstration that glutaraldehyde can be used success­
fully to immobilize trypsin on hydrogel systems, the possibility of 
utilizing diazonium salts to couple the enzyme as described by 
Pananstassion et al„181 was investigated. The amino containing com­
pounds were diazotized by addition of isoamyl nitrite to a solution 
of polymer in DMF and trifluoroacetic acid. This procedure was 
carried out on p-aminobenzenesulfonyl carbamate derivatives of 
PHEMA and its copolymer systems. In all cases involved, upon addition 
of the nitrite, the materials turned an orange-brown in color. Treat­
ment of the product with a saturated solution of /?-naphthol led to 
the formation of a highly colored red material, indicating that 
diazotization was partially successful. This color change has been 
noted by other workers208 who have used 0-naphthol to block unreacted 
diazo groups following enzyme coupling. Attempts to covalently bind 
the diazotized support to trypsin were not successful. The enzyme
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appeared to be adsorbed only on the surface as several washings 
produced a material which exhibited no esterlytic activity toward 
TAME.
Ho Methods for Analyzing Immobilized Trypsin
Low-molecular-weight substrates are generally used for the
activity analysis of immobilized enzymes. Esterase activity, for
example, can be analyzed utilizing crN-p-toluensulfonyl-L-arginine
methyl ester (TAME) or crN-benzoyl-L-arginine ethyl ester (BAEE),
shown below, as substrate, and the method for monitoring the extent
of the reaction is usually by titration of the acid produced. The
0 0
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dimensional units used for expressing the activity of a free enzyme, 
nmoles product/min/mg of protein, at specified conditions are the 
same used for immobilized enzymes. However, the amount of enzyme 
bound has to be determined, usually by amino acid analysis after acid 
hydrolysis of the immobilized enzyme. Although knowing the amount of 
enzyme attached is important, the relative amount of active, partially
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active, and inactive enzyme molecules per total amount of bound enzyme 
would be even more beneficial in comparing immobilization techniques. 
Fritz160 used an active site titrating reagent to determine the amount 
of active trypsin bound to a cellulose derivative, but Glassmeyer and 
Ogleisi found the technique ineffective on a slightly different cellulose 
derivative. Another analysis of significance is the activity of 
immobilized enzymes toward macromolecular sustrates. Levin and 
co-workers7 investigated the digestion of high-molecular- 
weight substrates casein, hemoglobin, lysozyme, and poly-glysine 
by various water-insoluble polyanionic derivatives of trypsin: 
however, like active-site analysis, little has been done along these 
lines. Other tests, such as storage stability and pH behavior, are 
widely used criteria for comparing the soluble and bound enzymes.
In general, the kinetics of immobilized enzymes follow the 
relationship derived for soluble enzymes by Michaelis and Menten142 
in 1913 and shown below. In this equation, v is the velocity
V [Si max'- 1 v = -----------
[S1+ K m
of the reaction, Vmax is the velocity at which the enzyme becomes 
saturated with substrate, and Km is the Michaelis constant, defined 
as the concentration of substrate at which the velocity of the 
reaction is one-half Vmax. The velocity, v , can be measured 
experimentally as a function of [S1, and the data obtained can be 
plotted graphically to rearranged forms of the Michaelis-Menten 
equation to give Vmax and Km. Depending on the parameters plotted,
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these graphical representations are called Lineweaver-Burk,
Angustinsson, or Woolf plots.163 In the case of immobilized enzymes, 
the constants are only apparent ones and are expressed Vmax(app) 
and Km(app) to distinguish them form the constants for the soluble 
enzyme.
I. Esterlytic Activity Toward TAME
The immobilized enzyme was assayed for its esterlytic activity 
titrimetrically in a stirred suspension, utilizing the substrate rrN- 
p-toluenesulfony 1-L-arginine methyl ester (TAME)„ The enzyme to 
carrier ratio was determined by gas chromatography (details of
protein analysis by GC will be discussed later).
*As a typical analysis, for trypsin CVB -PHEMA-aminobenzenesul-
fonyl carbamate (7 C), Table IX records the data observed, and
Figures X and XI show the Michaelis-Menten and Woolf plots of the
data, respectively. (The rest of the Figures are in the Experimental).
x-x-For this particular system, Km was found to be 6.8 x 10"3 M, 
higher than 4.8 x 10“3 M given by free trypsin under the same condi­
tions. The amount of trypsin bound was found to be 0.35 mg per ml 
of stock suspension. Vmax', defined as Vmax per mg enzyme, was
found to be 44 pmoles per minute per mg of trypsin, substantially
lower than that of free trypsin which turned out to be 280 pmoles/min-mg. 
Accordingly, the specific activity, defined as percent retention of
* ~ “™CVB - covalently bound
For convenience, sometimes symbols such as Km, Vmax etc. are used as
the same used for free enzyme, but it should be understood that when
applied to immobilized enzymes they are actually Km(app), Vmax(app) etc.
66
TABLE VIII
Esterase Activity of Trypsin Toward crN-p-Toluene-sulfonyl-L- 
Arginine Methyl Ester (TAME)
(16) Trypsin CVB PHEMA Sulfonyl Carbamate (JC), Figures X and XI
(1?) Trypsin CVB PHEMA Sulfonyl Carbamate (7c'), Figure XIX
(18) Trypsin CVB Cop-HEMA-STY) Sulfonyl Carbamate (8C), Figure XX.
(19) Trypsin CVB Cop(HEMA-STY) Sulfonyl Carbamate (8C), Figure XXI
(20) Trypsin CVB Cop(HEMA-STY) Sulfonyl Carbamate ( 9 c ), Figure XXII
(21) Free Trypsin, Figure XXIII
TAME, ml [S], mM umole v —  min
£S] min 3 
v, liter x iU
(16) Ool 8.0 0.666 12.0
0.2 14.5 0.98^ 14.7
0 .4 24.6 I.2 2 5 20.1
0.T 55.0 I . 2 I 5 28.8
1.4 44.6 1.270 5 5 .I
(IT) 0 .1 8.0 O .I65 49.2
0 .2 14.5 0.228 65.6
0.4 24.6 0.508 79 *9
0.T 35«0 0.547 100
1.4 44.6 O.565 122
(18) 0 .1 8.0 O.56O 22.2
0 .2 14.5 O.58O 25.0
0 A 24.6 0.690 55=6
0.T 35»o 0.700 50.0
1A kb.6 0.790 56»5
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TABLE VIII continued:
TAME, ml [S], mM umole V min miS_ x 10-3 v, Titer
(19) 0.1 8.0 O.356 25.4
0.2 14.5 0.456 31.8
o.4 24.6 0.547 45.0
0.7 35-0 0.626 56.O
1.4 44.6 O.63O 70.8
(20) 0.1 8.0 0.914 8.75
0.2 14.5 1.28 11.3
0.4 24.6 I.65 14.9
0.7 35-0 1.91 I8.3
1.4 44.6 1.95 22.9
(21) 0.1 8.0 0.481 16.6
0.2 14.5 0.525 27.6
0.4 24.6 0.586 42.0
0.7 35.0 0.658 53.1
1.4 44.6 0.656 68.0
Each system consists of 0.2 ml (0.01 M) CaClg, 0.6 ml (0.025 M) borate 
buffer, pH 8.0, 0.1 ml [(16) 0.033 mg, (17) 0.010 mg, (18) O.O3O mg,
(19) 0.006 mg, (20) 0.026 mg, (21) 0.00266 mg'] of immobilized trypsin 
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Figure X. Michaelis-Menten curve for trypsin CVB poly(hydroxyethyl 
methacrylate) sulfonyl carbamate (16). Reaction condi­
tions are summarized in Table VIII.
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Kmfapp) =  6.8x10 M
Vmax(app)
40 mM
Figure XI. Woolf plot for trypsin CVB poly(hydroxyethyl methacrylate)
sulfonyl carbamate (16). Reaction conditions are summarized 
in Table VIII.
TABLE IX
Summary of Activity Analysis for Trypsin CVB Hydrogel 
Sulfonyl Carbamates
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enzyme activity in relation to free enzyme, was calculated as 100 x 
Vmax' (app)/Vmax' of free trypsin = 17$.
As shown in Table IX, Km(app) values are generally much greater 
than the Km of free enzyme„ This increase is as expected since the 
suspended water-insoluble particles are surrounded by an unstirred 
layer of solvent, and a concentration gradient of substrate is established 
across this layer. Consequently, saturation of an enzyme attached to 
a water-insoluble particle will occur at a higher substrate con­
centration than normally required for saturation of the freely soluble 
enzyme® This , in turn, gives a higher Km value of the immobilized 
enzyme for its substrate. If the effect of the solvent layer 
is decreased the Km(app) should be reduced and could even approach 
the true Km. For example, Kay and Lilly182 have shown that reducing 
the physical size of a particle containing a covalently bonded 
enzyme decreases the value of Km(app) by reducing the diffusion 
limitation. By the same token, in our studies, while keeping 
constant both the size of the particle and the rate of stirring,
Km(app) increases from 6.8 x 10”3 M for system (16), to 8.2 x 10"3 M 
for (18), and to 16 x 10”3 M for (20) as the amount of the 
hydrophobic styrene in the copolymer increases, substantiating 
the theory that Km(app) of an immobilized enzyme will be 
decreased by attachment to a hydrophilic polymer. Another trend 
shown in Table IX is the increase of Km values with the decrease 
of the degree of carbamation. For example, in PHEMA, the value of Km
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« 3is 6.8 x 10 M when its carbamation is i+3$, but it jumps to 
18 x 10 K with a much lower degree of substitution. The change 
is understandable when one realizes that with a higher percentage of 
carbamation the degree of ionization due to the acidic carbamate 
groups is greater and, at the same time, the enzyme to carrier ratio 
increases. The former factor enhances the hydrophilicity of the 
system, and the latter reduces the ratio of components that are 
foreign to the enzyme; both contribute to a smaller diffusion restric­
tion and, as a result, a smaller ICm(app) for the system with a higher 
degree of carbamation.
Table IX also shows that trypsin-CVB-hydrogel derivatives retain 
in the range of 11-1*5$ the original enzyme activity, which is about 
average for the covalently bound trypsin on polymers containing 
hydrogel. For comparison, Mosbach156 immobilized trypsin on a cross- 
linked copolymer of aery1amide and hydroxyethylmethacrylate via CNBr 
coupling, and analyzed it photometrically with o'-N-benzoyl-Dl-arginine- 
p-nitroanilide (BAPNA), reporting a 351° retention of activity. 
O'Driscoll and co-workers,155 however, reported an equivalent of 1.3$ 
efficiency when trypsin was physically entrapped in a crosslinked 
PHEMA gel and assayed with TAME.
The activity of a bound enzyme is generally lower than that of the 
corresponding soluble enzyme. Reasons for this include: 1) the reac­
tion of amino acid side chains necessary for catalysis or substrate 
binding, 2) steric hindrance of the approach of substrate, 3) dis­
ruption of the three-dimensional structure of the protein, and
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4) diffusion limitations. Some reports in literature have shown 
that the specific activity of a covalently bonded enzyme increases 
as the solubility of its support increases.97>183~185 Others have 
observed that a rough inverse correlation exists between the activity 
of an immobilized enzyme and the amount of protein bound on the 
support.186 These relationships were found true to some extent in 
our experiments. As seen in Table IX, the bound enzyme efficiency 
increases from 11$ of (18) to 1+5$ of (19) when the amount of protein 
immobilized decreases sixfold, and it also increases from 17$ of 
(16) to 21$ of (17) with a substantial decrease of enzyme content. 
However, it should be noted that, in both cases, the increase in 
efficiency occurs on polymer supports with a supposedly offsetting 
effect of decreasing hydrophilicity. Thus, regardless of the effect 
of its hydrophilicity, a hydrogel-enzyme conjugate appears to exhibit 
a higher degree of activity retention with a lower enzyme load. An 
exception is in the case of (18) and (20), in which a relatively small 
increase of enzyme bound results in a substantial increase of 
activity. In addition, this increase in efficiency is noticeably 
accompanied by a decrease of hydrophilicity of the polymer support.
The relationships described above cannot justify these changes. The 
fact that hydrogel systems with high contents of styrene or low 
degrees of carbamation seem most often associated with high values of 
specific activity leads us to believe that phase separation in copoly­
mers containing fractions of highly different hydrophilicity and
interactions between enzyme molecules and hydrogel (or carbamates) 
are probably the causes for the discrepancies. Thus, when the 
styrene content in a hydrogel system is high or the percent carba­
mation is low phase separation occurs; the hydrophobic section 
effectively forces the smaller populations of the hydrophilic carba- 
mate-trypsin conjugates to be separated, localized, and concentrated 
When this happens the enzyme molecules are in a more natural environ 
ment, and they exhibit better activity efficiency, such as in the 
cases of (I9) and (20). On the other hand, when the contents of 
the hydrogel monomers or carbamate substituents in the systems are 
high, there is a possibility that some interpenetration between the 
bound enzyme and the hydrogel network might occur. The enzyme mole­
cules are in a less desirable environment compared with systems with 
higher degrees of phase separation, and their structure might even 
suffer some disruption. As a result, the favorable diffusion effect 
due to the presence of highly hydrophilic elements might still 
enhance the activity of the bound enzyme but not to the extent as 
expected. This may explain in large part the relatively low values 
of specific activity exhibited by (16), (IT) and (18). However, 
it is extremely difficult to ascribe precisely the cause and magni­
tude of an alteration in the activity of an immobilized enzyme.
It should also be pointed out that, strictly speaking, the results 
of different enzyme to carrier ratios and, in most cases, the 
difference due to hydrophi1icity of the supports are not comparable 
because none of the polymers in Table IX are exactly alike. Any
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modification in a system could cause a variety of mutually indepen­
dent changes that finally manifest themselves as the "observed" 
effect.
J. Protein Analysis
Immobilized enzymes are usually hydrolyzed in acid, and the 
hydrolysate is then analyzed for the amino acids present which are 
in turn used for the determination of the amount of protein bound. 
Our initial attempt was to develop a method which could simply 
and routinely determine one of the amino acids from the hydrolysate 
preferably by photometric measurements. The trypsin-hydrogel conju­
gate was broken down by hydrochloric acid, and the hydrolysate was 
analyzed for its arginine content by the modified Sakaguchi reaction 
of Izumi„187 Unfortunately, it was found that the Sakaguchi method, 
which depended on the color developed by arginine in the presence 
of 1-naphthol and potassium hypobromite, was subject to numerous 
interferences. Even after tedious treatments of the sample to 
eliminate the interferences, the results were still erratic due to 
poor stability of the color formed. As a result, the method proved 
to be neither simple nor accurate enough for our use.
We then tried a gas chromatography method based on the one 
developed originally by Gehrke, et al„,188 in which the amino acids 
in the acid-hydrolysate were twice-derivatized before injection into 
a GC. In our modified version, the amino acids were first esterified 
with n-propanol and then treated with heptafluorobutyrlc anhydride
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(HFBA) to acylate the amino groups. The derivatives were quantita­
tively analyzed by gas chromatography using an internal standard 
(I.S.). j* alanine, ornithine , novaline, steric acid , or amino 
n-butyric acid, and p-amino benzoic acid were all investigated as 
possible internal standards, but were eliminated because their 
retention times corresponded to a naturally occuring amino acid.
A further search led to the selection of DL-ore-diamino-pimelic 
acid as the I.S„ of choice.
The use an an I.S. with both an amine and a carboxylic acid 
function allows the addition of the compound to the hydrolyzed protein 
solution immediately after hydrolysis. Subsequent dilution, concen­
tration, or even an ion exchange clean up of the sample, if needed, 
can be done without any effect on the calculations for the amino 
acid content. Figure XII shows a typical gas chromatogram of the 
N-HFB n-propyl derivatives of one of the hydrolyzed samples of tryp- 
sin-hydrogel conjugate, (20) in Table IX. For comparison, the 
counterpart of a free trypsin sample, used as standard reference, is 
shown in Figure XIII. Although it is possible to obtain a complete 
analysis of the amino acids it is sufficient and more convenient for 
our purpose to pick five or more well resolved peaks, calculate 
directly by proportion to corresponding peaks of a known trypsin sam­
ple the amount of trypsin bound, and take the average of the results. 
The method is fast, simple, and accurate. The reliability of our 
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Figure XII. Gas chromatogram of the N-HFB n-propyl derivatives of the
hydrolysate of trypsin CVB hydrogel sulfonyl carbamate (20).
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Figure XIII. Gas chromatogram of the N-HFB n-propyl derivatives of 
the hydrolysate of free trypsin.
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K. Active-site Determination
In investigating immobilized enzymes, it is important to be 
aware of another highly significant consideration, i.e., the 
relative amounts of active, partially active, and inactive enzyme 
molecules per total bound enzyme. In principle, this information 
can be obtained with active-site directed titration reagents. For 
example, Fritz et al„160 used p-nitropheny1-p5-guanidinobenzoate 
(NPGB) to determine the "active" trypsin molecules in a trypsin 
cellulose conjugate. NPGB proved to be an excellent active-site 
titrant for trypsin; Ford and co-workers189 used it on trypsin 
covalently linked to porous glass particles, employing a recirculat­
ing reactor system (Figure XIV), capable of providing accurate 
results at active enzyme concentration of 1 x W h o l e s  trypsin per 
liter fluid volume. To demonstrate the feasibility of using the 
Ford method to determine the active-site of our immobilized enzyme 
systems, trypsin CVB-PHEMA-PABS-carbamate (16) was treated in the 
circulation reactor with NPGB and the titration is illustrated in 
Figure XV. The amount of p-nitrophenol produced by the burst is 
equal to the amount of the active immobilized trypsin which, for this 
particular system, turns out to be 3l$> of the total bound enzyme. 
Meanwhile, active-site titrations of soluble trypsin were performed 
according to Chase and Shaw190, and the active molecules for free 
trypsin was found to be JOfo of the total protein involved. Conse­
quent ly, the retention of active molecules for the immobilized enzyme
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Figure XV. Active site titration recorder trace of 17.0 mg trypsin 
CVB hydrogel sulfonyl carbamate (16) being titrated by 
19*75 0.12 mM NPGB in pH 8.3 veronal bufferj
burst, 0.060 A.
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was calculated to be (3l/70)x 100 = ^5$° And, since the specific 
activity is 17$ [table IX, (16) J for the same system, the efficiency 
of the system, based on the actually available active sites, should 
be 100 x I7A 5 = 38$. However, based on the total amount of protein 
bound, the relative amounts of active, partially active, and inactive 
trypsin molecules for this particular system were estimated to be 
17/100 x 70/100 = 12.0$, (31-12.0)$ = 19.4$, and (100-31)$ = 6g$ 
respectively.
Active-site titration techniques have many advantages over 
either total protein or kinetic assay methods for the determination 
of active immobilized enzyme. As seen from the above calculations, 
62$ of the initially active trypsin bound has lost its activity 
upon binding^ thus total protein is neither an absolute measure of 
the active enzyme nor an accurate relative measure of the active 
enzyme.
The use of kinetic assay methods requires several assumptions 
regarding the kinetic parameters of the immobilized enzyme and the 
influence of diffusion on the results. As has been discussed earlier, 
for many substrate-immobilized enzyme combinations the rapid rate 
of reaction provides sizable concentration gradients both outside 
the immobilizing matrix and within its pores. These concentration 
gradients greatly retard the rate of reaction, even when the sub­
strate concentration within the pores is much greater than the immo­
bilized enzyme Km191. This diffusional effect serves to decrease the
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apparent active enzyme concentration.
In order to obtain valid active enzyme concentrations from a 
kinetic assay, the Kcat for the immobilized enzyme must be known. 
However, the effects of the micro-environment and the immobilization 
process itself cause the kinetic parameters of the immobilized 
enzyme to frequently differ from those of the soluble enzyme. This 
shift in Kcat of the immobilized enzyme as a result of changes in 
the micro-environmental pH (pH optima shift) has been well document­
ed.192
Therefore, a routine active-site titration technique appears 
to be the preferred method for the determination of the activity of 
immobilized enzymes. It is certainly true that this titration 
method for trypsin has just been proved to be very beneficial to the 
investigation of trypsin CVB hydrogel derivative systems.
L. Activity Toward Casein
So far, substrates employed in assaying the esterlytic activity 
for our trypsin hydrogel conjugates have been limited to low 
molecular weight compounds such as TAME and NPGB. It is, therefore, 
of interest to know how effective our immobilized form of trypsin 
is in catalyzing the hydrolysis of macromolecular substrates. To 
find out, trypsin-CVB-copoly(HEMA-STY), system (20) in Table IX, was 
assayed for its activity utilizing casein as the substrate. The 
method of analysis used has been developed by Kuntz.193 It is based 
on the principle that, during the hydrolysis of casein in trypsin, 
products soluble in trichloroacetic (TCA) acid are formed, and the
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tyrosine and tryptophan content can be determined by measurement of 
the optical density at 280 mp,. Table X lists the experimental data 
and the reaction conditions„ The optical densities observed are 
plotted against the |j,g enzyme in the incubation mixture (Figure XVl). 
The slope of a tangent to the initial part of the curve is a measure
CclSof the specific activity of the preparation in terms of TU /mg 
units. Our results indicate that the percent specific activity of 
the trypsin hydrogel conjugate for casein turns out to be 2.5$, 
which is quite low in comparison with the value of 38$ of the same 
system when TAME is used as substrate. However, this relatively 
low efficiency of casein digestion by our trypsin-hydrogel conjugate 
was expected, for the following reasons: 1) electrostatic repulsion,
in a basic solution, between the negatively charge carbamate solid 
support and the negatively charged casein (isoelectric point i*.5) 
and 2) the size of the substrate molecules and their inability to 
penetrate the enzyme gel. The evaluation of the relative contribution 
of each of these factors in determining the overall characteristics 
of the enzymetic reaction is impossible at this stage. It seems, 
however, under the circumstances, any retent ion of enzyme activity 
at all may be considered significant.
-fr C 3.SAccording to Kunitz, a unit TU is the amount of trypsin which under
the defined conditions (20 min. incubation at 35°C, final volume of the
incubation mixture: 2.0 ml, after addition of trichloroacetic acid:
5 ml) liberates sufficient trichloroacetic acid-soluble hydrolysis pro­
ducts to increase the optical density at 280 mu by 1.00 unit/min. 
Specific activity: TUcas/mg protein.
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TABLE X
Hydrolysis of Casein by Trypsin
Tube No. Enzyme, mla pH 7.6 Buffer, ml Optical Density*3
1 0.1 FE 0.9 0.120
2 0.2 FE 0.8 0.187
3 0.3 FE 0.7 0.229
k 0,k FE 0.6 0.280
5 0.1 IE 0.9 0.068
6 0.2 IE 0.8 0.115
7 0.3 IE 0.7 0.160
8 0.i| IE 0.6 0.182
a. FE — - trypsin solution in 10“3M HCl, 1 ug/ml
IE --  immobilized trypsin suspension, O.256 mg/ml
b. after substraction of the blank
Reaction Conditions:
incubation time --- 20 min.
temperature --- 35°C
volume of mixture --- 2.0 ml
volume after addition of TCA   5.0 ml
wavelength  280 my,
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Figure XVI. Hydrolysis curves of casein by trypsin. Reaction 
conditions are summarized in Table X.
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M. pH-Activity Behavior
A study showing the effect of pH on the activity of system (16), 
trypsin CVB PHEMA-carbamate, is given in Figure XVII, plotted with 
data listed in Table XI. The activity vs pH plot for the immobilized 
enzyme shows a slight shift toward higher pH values in comparison 
to that for the free enzyme. This behavior has been well documented 
in literature.e>7 According to Goldstein and co-workers6, it may 
be rationalized as a microenvironmental effect. In the immediate 
vicinity of the enzyme active site, the "local concentration" of 
hydrogen ion is either less than that in the bulk solution (positive­
ly charged matrix) or greater than that in the bulk solution 
(negatively charged matrix). To achieve maximal activity, the re­
quired alkalinity of the bulk solution is less for the enzyme bound 
to a positively charged support. More alkalinity is required for 
the enzyme on a negatively charged support, since hydrogen ion is 
found in the vicinity of the enzyme active site. Thus, in our case, 
the hydrogel support being negatively charged due to the ionization 
of the acidic sulfonyl carbamate groups, the bound trypsin becomes 
more active in basic media than does the free enzyme, and that is 
exactly what the pH shift indicates in Figure XVII.
N. Storage Stability
The enzyme hydrogel systems have been stored at ^°C in pH 8.0 
borate buffer. It is undesirable to allow porous particles to dry, 
because trapped air will prevent rehydration of the interior of the
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Table XI
Influence of pH on the Reactivity of Free Trypsin and Trypsin-CVB- 
PHEMA-Carbamate (16) Toward TAME
umole , umole ^pH v — j—  v — -----  % of max. activityr min min-mg ' J
bound trypsin:
7.00 0.310 9.1 31.0
7.60 0.1*80 11*.6 ^9.5
8.00 0.825 25.0 85.0
8.50 0.951 28.8 98.0
8.75 0.071 29.1* 100.0
9.50 0.83!* 25.3 86.0
10.00 0.853 25.8 88.0
free trypsin:
7.00 0.11*5 58 26.8
7.60 0.21*7 99 1*5-5
8.00 0.5I0 201* 9^.0
8.50 0.51*2 217 100.0
8.75 0.1*88 195 90.0
9.50 0.217 87 1*0.0
10.00 0.179 72 33.0
System consists of 0.2 ml (0.01 M) CaCl2, 0.6 ml (0.025 M) borate 
buffer, 0.2 ml (0o08 M) TAME and 0.1 ml (0.033 mg) immobilized trypsin 















Figure XVII. pH activity curves for bound and free trypsins.
Reaction conditions are summarized in Table XI.
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particle. Though applying a vacuum will allow hydration, it 
could also denature the bound enzyme. The solution stored im­
mobilized enzymes have shown remarkable stability. It is not 
uncommon to have samples retaining half of their original activity 
after two years of storage. A typical example is given in Figure 
XVII which compares the stability of trypsin CVB PHEMA-carbamate 
(16) with that of the free enzyme. The attached enzyme retained 
approximately 60% of its original activity after 3 months where­
as free trypsin retained about 25$ over the same period. Further­
more, longer storage seemed to stabilize the bound enzyme against 
further deterioration of its activity. Also, under the indicated 
conditions, the bound enzyme suspensions showed no signs of the 
growth of microorganisms even after two years.
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Figure XVIII. Stability of free trypsin and trypsin CVB hydrogel sulfonyl 
carbamate (16) stored at 4° in pH 8.0 borate buffer.
EXPERIMENTAL
Elemental analysis were carried out by Galbraith Laboratories, 
Inc., Knoxville, Tenn., or by Mr. Ralph Seab, Louisiana State 
University, Baton Rouge. Infrared spectra were recorded with a 
Perkin-Elmer 137° Nuclear magnetic resonance spectra were recorded 
with a Varian HA-60A spectrophotometer. Molecular weights were 
obtained with a Water Associates Model 200 Analytical Gel-Permeation 
Chromatograph (GPC) equipped with automatic injection and collection 
units. A Corning Model 7 pH meter with a small 5* 5 iraTi diameter 
combination electrode (Sargent S-3OO7O-IO) was used in all the 
potentiometric titrations. A Brinkman microtitration vessel (1 ml) 
and a Kimax microburet (5 ml capacity, 0.01 ml subdivision) with 
a detachable tip were used to deliver the titrant. A Hewlett- 
Packard 5700A gas chromatograph with dual flame ionization detectors 
and linear temperature programming was used together with a Model 
3373B integrator for protein analysis.
Styrene, HEMA, EGDMA were purchased from Polyscience; HPA and 
HEA were donated by Dow Chemical. HEMA, HPA, and HEA were extracted 
with hexane, followed by distillation in. vacuo, and stored at ^°C. 
Physical properties of the (meth)acrylate ester monomers are listed 
in Table XII. Styrene was extracted with 5°jo Na2C03 solution and 
then distilled in vacuo before use. Glutaraldehyde (50°jo aqueous 
solution), obtained from MCB, trypsin (pancreas, cryst. salt free), 






































hydrochloride (TAME), from Sigma, were used without further purifi­
cation and stored at ii°C. DL-a, e-diaminopimelic acid (Sigma) , 
heptafluorobutyric anhydride (Pierce Chem. Co.), p-nitrobenzene- 
sulfonamide (Aldrich), dicyclohexylcarbodiimide (Eastman), 
p-nitrophenyl isocyanate (Aldrich), n-butyl isocyanate (Matheson), 
and tetrabutylammonium iodide (Baker) were used as received. 
Dichlorobenzene (Aldrich), DMF(Aldrich), THF(Aldrich), and pyridine 
(Fisher) were dried by distillation from CaH2 and stored over 4A 
molecular sieves (Fisher).
A 0 Preparation of Reagents
(a) p-Mitrobenzenesulfonyl Isocyanate (PNBSl)
Into a 5OO ml three-necked flask equipped with a thermometer, 
a mechanical stirrer, a fritted gas inlet tube, a Dean-Stark trap, 
and a condenser was added 20 g (0.1 mole) p-nitrobenzenesulfonamide 
and 220 ml dichlorobenzene. The mixture was heated to a gentle 
boil under nitrogen at 17T°C to dissolve the solute and to azeotropi- 
cally remove the trace amount of water that might be present. To 
the light yellow solution was then added  ̂g (0.0^ mole) n-butyl 
isocyanate before replacing the nitrogen flow with a steady steam 
of phosgene. The phosgenation was continued for I.5 hours with one 
more injection of 4 g n-butyl isocyanate at the half way point.
Total phosgene added should be about k6 g (0.^5 mole). The reaction 
flask was allowed to cool while the system was purged with nitrogen 
for half an hour. The solvent and the excess n-butyl isocyanate 
were distilled _in vacuo at 35“^5°C leaving a viscous brown solution
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containing the product. Extreme care must be taken as the 
sulfonyl isocyanate reacts with moisture in the air to give back 
the starting sulfonamide. The crude product was transferred hot, 
under a blanket of nitrogen, to a 100 ml Bantam-Ware flask equipped 
with a distilling head and the distillation continued. A small 
forerun was discarded and the straw colored distillate was collected 
at 160°C (0.4 mm) (lit. bp l37~l43°C/0.4 mm). The yellow oil 
solidified upon cooling. The yield was 14 g (63$); ir (melt) 2262 
(-NC0), I366 (-S02-, -N02), 1558 (“N02) , 1183 (-S02-) cm"1.
(b) p-Toluenensulfonyl Isocyanate (PTSl)
To 885 ml of chlorobenzene was added 171 g (1.0 mole) of 
p-toluene-sulfonamide. After azeotropic removal of traces of water 
and the addition of 9.8 g (0.2 mole) of n-butyl isocyanate, about 
128 g (1.3 mole) of phosgene was added at the rate of about 1 g 
per minute at 129°C over a period of I50 minutes. After purging 
the solution with nitrogen the chlorobenzene was distilled and 
recovered. Vacuum distillation of the residue yield l54g (78%) 
of PTSI at 87“90°C/0„5 mm.; ir 2262 (-NC0), I365 and 1180 (-S02-) cm"1.
(c) p-Nitrophenyl p 1-Guanidinobenzoate (NPGB)
An aqueous solution of p-aminobenzoic acid hydrochloride (20 g) 
and ammonium thiocyanate (12 g) was evaporated to dryness on a 
steam bath. The residue was dissolved in caustic soda, and the 
solution was then filtered and acidified. The fine powder precipi­
tated , p-carboxyphenylthiocarbamide (22), weighed I9.5 g (66% yield).
9 6
Anal. Calcd. for CsHaN^O^: C, 48.9; H, 4.08; N, 14.3
Found: C, 49.2; H, 4.16; N, 14.5.
A mixture of I9.5 g of (22), 100 ml absolute alcohol, and 
16.0 g methyl iodide was refluxed for 2 hours. The fine powder 
gradually dissolved and a greenish-yellow crystalline substance 
separated. The mixture was cooled and the precipitate was purified 
by recrystallization from absolute alcohol. The product, 
p-carboxyphenyl-S-methylisothiocarbamide hydroiodide(23), weighed 
25 g (77$ yield).
Anal. Calcd. for CgHnN^OaSI: C, 32.0; H, 3.3O; N, 8.30
Found: C, 32.0; H, 3.33; N, 8.23.
To a 5$ ammonium carbonate solution (200 ml) was added 18 g 
of compound (23), and the mixture was heated to a gentle reflux for 
5 hours. The hydriodide quickly dissolved and mercaptan was evolved. 
Soon a white precipitate formed. After cooling, the mixture was 
acidified and the solvent was removed by evaporation. The product, 
p-guanidinobenzoic acid HCl (24), weighed 7.5 8 (64$ yield).
Anal. Calcd for C8HloN302Cl: C, 44.4; H, 4.63; N, 19.4.
Found: C, 43-9; H, 4.70; N, I9.3.
Compound (24) (2.5 g), dicyclohexylcarbodiimide (2.4 g) and 
p-nitrophenol (1.6 g) were dissolved in 40 ml of 1:1 pyridine-DMF. 
The solution was kept at 10°C for 24 hours. After filtering the 
dicyclohexy1 urea produced, the solvent was removed jLn vacuo. The
residue was taken up in 25 ml 0.1 N HCl and the slurry extracted
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three times with 25 ml aliquots of ethyl acetate; the phases were 
separated by centrifugation. Filtration of the solid from the 
aqueous phase and recrystalization from glacial acetic acid yield 
NPGB weighed 3 g (77$ yield).
Anal. Calcd for C14H 13N404C1: C, 49=86; H, 3=89; N, 16.44;
0, I9.00; Cl, 10.52
Found: C, 49=86; H, 3.87; N, 16.44; 0, I9.OO; Cl, 10.39.
B. Preparation of Hydrogels
(a) Poly(2-Hydroxyethyl Methacrylate), PHEMA (7)
A 25O ml three-necked flask equipped with a stirrer, a thermo­
meter and a condenser was charged with 18 g of 2-hydroxyethyl metha­
crylate , 0.3 g benzoyl peroxide (BP0) and 100 ml of dimethylformamide. 
The solution was heated for 10 hours at 70°C under nitrogen, a 0.3 g 
increment of BPO was added and heating at 70°C was continued for 
4 hours. The viscous solution was concentrated by vacuum distilla­
tion to about 50 ml before it was poured into 400 ml of benzene. The 
solid gel was washed with water and dried in vacuo at 50°C to afford 
14 g (79$ conversion) of PHEMA, ir(film) 3320 (-0H) and 1J00 (-C00-) 
cm"1.
A similar procedure was employed to synthesize compounds (8) - 
(11). The specific reaction conditions and results are summarized 
in Table V in the Discussion section. Elemental analysis of these 
compounds is presented in Table XII as follows.
°3
Table XII Elemental Analysis of Hydrogels
Sample Calcd: C H 0 Found: C H 0
( i f for C0H1OO3 55.28 7.69 37.00 5^-17 7.93 37.90
(8)b f 69.97 7.68 22.36 70.17 7.50 22.33
Of f 84.40 7.69 7.58 85.IO 7.33 7.57
(10 )d for C6H1o03 55.28 7.69 37.00 54=40 7.73 37.98
( n f for C5Hq03 51.70 6.89 41.30 51.00 6.83 42.20
^based on the oxygen content
(b) Copoly(2-Hydroxyethyl Methacrylate-Styrene), CP(HEMA-STY) (8)
(c) Copoly(2-Hydroxyethyl Methacrylate-Styrene), CP(HEMA-STY) (9)
(d) Poly(Hydroxypropy1 Acrylate), PHPA (10)
(e) Poly(2-Hydroxyethyl Acrylate), PHEA (11)
C. Modification of Hydrogels
(a) Alkaline Hydrolysis
Hydrogel samples (0.5""1.0 g) were weighed in culture tubes, 5.0 ml 
of 0.4 N KOH was added and the tubes were sealed with Teflon lined 
screw caps. The samples were heated at 100°C in an aluminum heating 
block for the appropriate time interval. Immediately upon removal 
from the heating block, the samples were cooled and acidified with 
6 N HCl. The precipitated gel was washed and soaked in distilled 
water for half an hour before the carboxylic acid content was estimated 
by titration with standard NaOH solution. A second series of hydrolyses 
was conducted at 27°C (room temperature). The titration data were
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treated as follows:
i \jon ° F
i° Hydrolysis = -
where V = volume of NaOH required to neutralize the sample, ml 
N = normality of NaOH solution 
W = sample weight, g
F = formula weight of the hydrogel monomer 
Graphs of fo hydrolysis vs time are shown in Figure IV.
(b) Reaction of PHEMA with Ethylene Oxide
To If g of PHEMA. (7) in a 25 ml culture tube was added 10 ml 
DMF-•ethylene oxide solution (1:1 v/v) . The tube was sealed and the 
solution was heated at 70°C for 4 hours. After flushing with N2, 
the solution was dialyzed in water overnight and then concentrated 
to dryness in vacuo. The rubbery product weighed 3 g. The extent 
of hydroxyethylation was estimated to be ^5.5$ (see the following 
experiment)„
Anal. Calcd*: C, 55.2; H, 7.88; 0, 36.8
Found: C, 5J+.O; H, 7.71; 0, 38.0
based on ^5.5$ hydroxyethylation.
(c) Reaction of Hydrogels with Acetic Anhydride
Equal amounts (0.4 g) of PHEMA (7) and the product from (b) 
were placed in separate sealed tubes with an acetylation mixture 
containing acetic anhydride (3.O ml) and pyridine (lf.0 ml). The 
tubes were heated for 3 hours at 70°C. After cooling, the content 
of each tube was added 18.0 ml distilled water, and 3.0 ml aliquots
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of the solution were titrated with standard NaOH solution to the 
phenolphthalein end point. A blank was determined by repeating the 
experiment without the sample.
where Vb = volume of NaOH required for the titration of the blank, ml
Vs = volume of NaOH required for the titration of the sample, ml
N => normality of the NaOH solution (0.1215 N)
W = sample weight, g
Titration results are listed as follows:
Sample Vs, ml Vb, ml Hydroxy Value, equiv/lOOg
Based on the hydroxyl values, the acylation of HEMA by acetic anhydride 
was estimated to be 85.5$, and the extent of hydroxyethylation was 
found to be 45.51°°
(d) Preparation of Hydrogel Arylsulfonyl Carbamates 
To a solution of hydrogel (1.0-4.0 g) in dry pyridine or THE 
(20-40 ml) was added the arylsulfonyl isocyanate (0.5"3»0 g)° The 
mixture was heated at 70-80°C under nitrogen for 4 hours. After 
cooling, the adduct was isolated by precipitation in benzene, ethanol 
or ethyl acetate. Purification of the product was achieved by 
reprecipitation from a acetone or DMF solution. The identity of the 
product was confirmed by infrared spectrum from a reduction in
Hydroxyl value, equiv/100 g =
PHEMA (7)





intensity of the absorbance band at 3320 cm"1 (-0H), the appearances 
of a shoulder at 3170 cm”1 (-NH-) s bands at 13̂ 10 and II83 cm"1 
(“SO2") and at 1600 and 820 cm"1 (-C6H4-)„
The following adducts were prepared using this procedure. The 
specific reaction conditions are summarized in Table XIII and Table 
XIV, Analytical data for these compounds is presented in Table XV 
and XVI.
PHEMA-PNBS-Carbamate (high degree substitution) (7B)
PHEMA-PNBS-Carbamate (low degree substitution) (7B1)
Copoly(HEMA-STY)(1:1)-PNBS-Carbamate (high substn.) (8b )







PHPA-PTS-Carb amate (10A )
PHEA-PTS-Carbamate (llA)
TABLE XIII
Modification of Hydrogels with p-Nitrobenzenesulfonyl Isocyanate (PNBSl)
Hydrogel Wt. Used, g PNBSI, g Solvent Precipitant Yield, g Substitution,$ Sample
PHEMA (7), 2.0 3.0 Pyridine Benzene 2.5 1+3.0 (7B)
PHEMA (7), 1.5 0.5 Pyridine Benzene 1.1 7.9 (7B!)
CP(HEMA-STY) (8), 3-5 3-0 THF Ethanol 2.5 60.0 (8b)
CP(HEMA-STY) (8), 3-0 0.5 THF Benzene 2.2+ 3-5 (8b ')
CP(HEMA-STY) (9), k.O 3.0 THF Ethanol 5-1 100.0 (9B)
PHPA (10), 2.0 3.0 Pyridine Benzene 2.5 66.0 (10B)
PHEA (11), 2.0 3-0 Pyridine Benzene 2.1 51.0 ( h b )
determined by analysis of the nitrogen content
TABLE XIV
Modification of Hydrogels with p-Toluenesulfonyl Isocyanate (PTSl)
Hydrogel Wt. Used, g PTSI, g Solvent Precipitant Yield, g Substitution, Jo Sample
PHEMA (7), 2.0 3.0 Pyridine Ethyl Acetate 2.2 28.0 (7A)
CP(HEMA-STY)(8), 3-5 3.0 Pyridine Ethyl Acetate 3.4 30.0 (8A)
CP(HEMA-STY)(9), 4.0 2.5 THF Ethanol 4.2 40.0 (9A)
PHPA (10), 1.8 3.0 Pyridine Ethyl Acetate 2.5 60.0 ( ioa)
PHEA (11), 1.0 2.0 Pyridine Ethyl Acetate 1.3 37.0 ( 41a )
determined by analysis of the nitrogen content
TABLE XV
Elemental Analysis of Hydrogel-p-Nitrobenzenesulfonyl Carbamates
Sample Found: C H N 0 s Calcd: C H N 0 s
(?B) 46.31 5.45 5.27 37.10 6.17 47.42 5.14 5.28 36.14 6.04
(7B1) 52.69 6.17 1.50 53.19 6.97 1.50
(8b) 57-95 5-59 4.85 25.54 5.75 56.92 5.37 4.85 27.42 5.49
(8b 1 ) 69.60 7.70 0.45 68.85 7.59 0.45
(9») 69.50 6.12 5.43 16.86 4.00 71.47 6.0? 3.40 15.28 3.82
(iib) 43.51 4 .55 6,14 38.65 7.12 44.27 4.32 6.15 38.23 7.02
(iob) 45.8I 4.88 6.59 56.25 6.48 45.44 4.5O 6.59 35.94 7.52
based on the analysis of nitrogen content
TABLE XVI
Elemental Analysis of Hydrogel-p-Toluenesulfonyl Carbamates
Sample Found: C H N 0 S Calcd: C H N 0 s
(TA) 52*03 6.68 2.09 31*. 50 1.70 53.31* 6.61 2.09 33.17 1+.78
(8A) 66*05 6.80 1.55 22.10 3.50 65.15 6.89 1. 5l* 22.89 3.52
(9A) 80.1*1 To 10 0.95 9ok0 2.10 80.25 7.27 0.91 9.77 1.87
( 1 0 A ) 52.28 5«5° 3.28 31.21+ 8.O5 52.10 5.89 3.37 30.87 7.71
( i i a ) 1+9.19 6.27 2.72 35.60 6.22 50. 1+7 5.80 2.72 31*.78 6.21
based on the analysis of nitrogen content
io6
(e) Preparation of Hydrogel-p-Nitrophenyl Carbamates 
A 3D ml pyridine solution of hydrogel was treated with 3.0 g 
of p-nitrophenyl isocyanate. The solution was heated at 70° for 
6 hours. Addition of the solution to 200 ml water precipiated the 
polymeric adduct which was isolated and dried _in vacuo. The 
reaction data and product analysis are presented in Table XVII and 
Table XVIII, respectively.
Table XVII Preparation of Hydrogel-p-Nitrophenyl Carbamates
Hydrogel Wt. Used, g Yield, g 1 *Jo Conv. S ample
PHEMA (7) 2.0 2.1 18 (7D)
CP (HEMA-STY) (8) 3-0 3.1 25 (8d)
CP(HEMA-STY) (9) 5.0 5.3 3k (9D)
*determined by nitrogen analysis
Table XVIII Elemental Analysis for Hydrogel-p-Nitrophenyl Carbamates
Sample Found: C H N Calcd: * c H N
(7D) 52.8 7.71 3.17 5*1.8 6.85 5.17
(8d) 65.̂  6.67 2.75 66.7 6.93 2.75
(9D) 80.8 8.01 1.35 82.2 7.32 1.35
based on calculated fo conversion
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(f) Preparation of Hydrogel-p-Aminobenzenesulfonyl Carbamates 
PEMA-PABS-Carbamate (7C)
To a solution containing 1.0 g of (7B) in 20 ml THF was added 
15 ml of a 10$ aqueous solution of Na^^O^ The two layer mixture 
was stirred and heated to a gentle reflux for to 6 hours. The 
course of the reduction was followed by the gradual disappearance 
of the strong stretching vibration of the nitro group at I53O cm"1. 
After cooling, the solvents were evaporated with a rotary evaporator, 
and the residue was washed thoroughly with water before it was dried 
in vacuo.
A similar procedure was employed to synthesize compounds ( 8 c ) -  
(11C). The results are summarized in Table XIX and the analytical 
data of these compounds is presented in Table XX.
PEMA-PABS-Carbamateflow substitution] (7C1)
Copoly(HEMA-STY)-PABS-Carb amate (8C)





Table XIX Preparation of Hydrogel-p-Aminobenzenesulfonyl Carbamates
*Hydrogel-PNBS- Weight Used Yield Conv. Sample
Carbamate g g $
(7B) 1.0 0.7 65 (7C)
(TB!) 1.0 0.5 100 ( 7 c 1)
(8b) 2.0 1.5 81* (8c)
(8b !) 1.3 0.5 100 ( 8 c ' )
(9B) 3.0 2.5 100 (9C)
(10B) 1.0 0.7 70 (10c)
( h b ) 1.0 0.5 65 (lie)
determined by non-aqueous potentiometric titration





N 0 s c
*Calculated 
H N 0 S
(7C) ^9.35 5.89 4.79 3I+.38 5.58 1+9.32 5.59 5.1+8 33.1*1+ 6.26
(7C‘ ) 52.1+0 6.78 1.66 53.91 7.18 1.53
(8c) 57.95 5.59 5.09 25.51+ 5.75 56.92 5.37 1+. 85 27.1+2 5^9
( 8 c ' ) 61+. 50 8.1+0 O.53 69.91 7.53 0.1+7
(9C) 72.77 6.28 i+.oo 12.80 1+.15 71+.13 6.5I+ 3.1+6 11.89 3.96
(10C) 50.19 5.50 5.39 33.01 5.91 1+8.19 5.02 6.61 32.05 7.56
(11c) 1+7.55 5»°5 1+.20 38.00 5.10 1+5.50 1+. 58 5 • 22 35.51 6.03
based on $ conversion (Table XIX) and j> substitution (Table XIIl)
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(g) Attempted Preparation of Hydrogel-p-Aminophenyl Carbamates 
All attempts to reduce the p-nitrophenyl carbamates, (TD), (8d) 
and (9D) with sodium dithionite using the conditions described in
(f) were unsuccessful. No reaction could be detected by infrared 
techniques after 4 hours of heating. Prolonged heating yielded 
products which exhibited ir spectra similar to those of the original 
hydrogels, indicating decomposition of the carbamates.
D. Nonaqueous Potentiometric Titration of Hydrogel Derivatives of 
Arylsulfonyl Carbamates
(a) Preparation of Tetrabutylammonium Hydroxide (TBAH)195 
A column with an effective length of 25 cm and a diameter of 
2 cm was packed with strongly basic ion exchanger (Amberlite IRA 
toO), which had been washed with 1 N KOH (1 liter) to convert it into 
the hydroxide form. The column was washed with water (1 liter) to 
remove alkali, and then with isopropanol (1 liter) to remove water.
A saturated solution of tetrabutylammonium iodide (100 ml) in 
isopropanol was slowly introduced into the column, eluted at a rate 
of not more than 5 ml/minute, and washed through with isopropanol.
The eluate was collected as soon as it became alkaline. About 5OO ml 
of approximately 0.1 N solution was obtained. The solution was 
standardized with benzoic acid in DMF.
(b) Titration Procedure
A sample of the hydrogel carbamate derivative (5O-8O mg) was 
dissolved in 3.0 ml DMF. The solution was placed in the microtitration
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vessel and titrated potentiometrically with 0.1 N TBAH. The end 
points and half neutralization potentials (HNP) were identified by 
the potentiometric breaks in a titration curve (see Figure VIl). A
0.3^ thymol blue solution in isopropanol could also be used as 
indicator to detect the end points (yellow to blue). Percent sub­
stitution for hydrogel p-arylsulfonyl carbamates was calculated 
using the following equation.
at a K «. V • N • MEH • 100% Substn =
( s  • V . N • MES) F  
where V = Volume of titrant added to reach the end point, ml
N = Normality of the titrant
MEH = Milliequivalent weight of the hydrogel monomer (monoester)
S = Sample weight, mg
MES = Milliequivalent weight of the substituent group
F = Weight fraction of hydrophilic monoesters in copolymer
(unity with homopolymers)
Percent reduction for hydrogel p-aminobenzenesulfonyl carbamates was 
calculated as follows:
V2 - Vx
jo Conv. =   — -x 100•2
where Vĵ  = Volume of titrant required to reach the first end point, 
corresponding to the nitro-substituted carbamate, ml 
V2 = Volume of titrant required to reach the second end point 
corresponding to the amino-substituted carbamate, ml
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E. Trypsin Immobilization on Hydrogel Derivatives 
(a) Immobilization by Glutaraldehyde
A sample of hydrogel-p-aminobenzenesulfonyl carbamate (0.1-0.2 g) 
was suspended in 5.0 ml pH 7 phosphate buffer solution in a 10 ml vial 
equipped with a stirring bar and Teflon lined screw cap. To the sus­
pension was added an excess of 50$ glutaraldehyde (0.5 ml), and the 
mixture was stirred at room temperature for 1.5 hours. After cen­
trifuging, the supernatant was removed by decantation, the residue 
was washed with five 7.0 ml portions of pH 7 buffer solution, and 
the washings were discarded. To the washed residue was added 8.0 ml 
pH 7 buffer and an excess of trypsin (20-50 mg). The mixture was 
stirred at 5°C overnight (17-20 hours). The residue was then washed 
with aliquots of pH 7 buffer until the wash exhibited no activity 
toward TAME. The immobilized enzyme was stored in pH 8 borate buffer 
(10-30 ml) at 4°C.
The same procedure was carried out on hydrogel-p-nitrobenzene- 
sulfonyl carbamates and also on hydrogel-p-aminobenzenefulfonyl car­
bamates without the use of glutaraldehyde. (See Scheme II). None 
of the products of these two runs exhibited any activity toward TAME 
after several washings.
(b) Immobilization by Diazonium Salt Coupling Reaction 
To a DMF solution (5.0 ml) containing hydrogel-p-aminobenzene- 
sulfonyl carbamate (0.1-0.2 g) and trifluoroacetic acid (1.0 ml) was 
added dropwise at 0°C a solution of isoamylnitrite (0.8 g) in 1.0 ml
112
DMF. The mixture was kept at 0°C for two hours before the solvent 
was evaporated using a Aldrich Kugelrohr evaporator. The orange- 
colored residue was washed three times with ether (5 mi aliquots) 
and then air dried at room temperature.
The above preparation was carried out on PHEMA and PHPA deriva­
tives of p-aminobenzenesulfonyl carbamate. All products gave 
positive signs of the diazonium salt formation; treatment of the 
products with a saturated solution of fl-naphthol led to the formation 
of a highly colored red material.
To a sample of the above products (5O-7O mg) suspended in 4.0 ml 
pH 7 buffer was added 14-20 mg trypsin. The mixture was stirred at 
5° for 24 hours. The residue exhibited no activity toward TAME after 
several washings.
Fo Trypsin Analysis by Gas Chromatography
(a) Protein Hydrolysis And Amino Acid Derivatization 
Between 5”10 ml of the immobilized trypsin stock suspension 
was introduced into a tared culture tube with a Teflon lined screw 
cap. After centrifuging, the supernatant was removed and the residue 
was washed twice with 7.0 ml aliquots of distilled water. The 
residue was then dried under vacuum and its weigh was determined and 
recorded.
Hydrolysis of the protein was initiated by adding 3.0 ml 6 N HCl 
to the dry immobilized trypsin sample (in the case of free trypsin 
a 5”10 mg sample was used). The tube was flushed with nitrogen and 
sealed with the Teflon lined screw cap. It was then heated in a
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heating block at 145°C for 4 hours. The tube was cooled before 
opening, the residue was removed by filtration, and the filtrate 
was collected into another culture tube. To the hydrolysate, the 
filtrate, was added 0.3 ml of an internal standard (DL-gj, e-diamino- 
pimelic acid, 10.0 pmole/ml)„ This solution was then dried by a 
stream of nitrogen while heating the tube in the heating block at 
100°C for ten minutes. Once dry, 0.4 ml of 8 N HCl in anhydrous 
propanol was added to the tube which was then sealed with the Teflon 
lined cap. The sealed tube was heated at 100°C for ten minutes, 
cooled to room temperature, and the top removed. The sample was 
dried as before being careful to take it just to dryness. The entire 
procedure was repeated starting with the addition of the 0.4 ml of 
8 N HCl in anhydrous propanol. After the sample was dried a second 
time, 0.1 ml of ethyl acetate was added followed by 0.2 ml hepta- 
fluorobutyric anhydride (HFBA). The tube was resealed and heated at 
150°C for ten minutes. After cooling the sample was dried by a 
stream of nitrogen at room temperature. Just at reaching dryness, 
exactly 0.1 ml of ethyl acetate was added and the solution was 
ready for analysis.
(b) Gas Chromatography of Amino Acid Derivatives 
Satisfactory separation of the individual amino acid derivatives 
was obtained on a 12 foot x 1/4 inch glass column of 31° 0V-1 on 
Chromasorb-W, which had been conditioned at 250°C for 24 hours. A 
2-3 M-l sample was injected directly on to the column which was main­
tained 100° for 4 minutes after sample injection and then temperature-
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programmed to 25O0 at 4°/min„ Helium was used as the carrier gas at 
a flow rate of 40 cc/min. Shown in Figure XII and Figure XIII are 
typical chromatograms of the hydrolysate of a trypsin-CVB-hydrogel 
derivative and that of a free trypsin sample respectively.
The protein content of the sample was estimated from the alanine, 
glycine, valine, serine, proline, aspartic acid, phenylalanine, and 
tyrosine peak areas using the following equation.
G. Analysis of Trypsin Activity
(a) Titrimetric Determination of TAME Hydrolysis 
Into the microtitration vessel were introduced 0.6 ml borate 
pH 8 buffer, 0.2 ml 0.01 M CaCl2 solution, and various increments 
of TAME, i.e. 0.1 ml, 0.2 ml, 0.4 ml, 0.7 ml, and 1.4 ml of a freshly 
prepared 0.08 M TAME solution in pH 8 buffer. At zero time, an 
aliquot of 0.1 ml of the immobilized trypsin stock suspension or 0.1 ml
Trypsin Bound, mg/ml suspension
f mlisjb
where AA = Area of amino acid peak on chromatogram
IS = Area of internal standard peak on chromatogram 
[ 3b = of the bound trypsin sample
[ ]f = of the free trypsin sample
W = Sample weight of the free trypsin, mg
V = Volume of the bound trypsin suspension, ml
n = Number of peaks used in the estimation
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of a known free trypsin solution was introduced, and 0.1 N NaOH 
solution was added dropwise to maintain a constant pH reading. The 
time and volume of base added were recorded. A graph of time vs 
volume of NaOH added was plotted for each titration. The portion of 
the curve that formed a straight line was chosen for the calculation 
of v. Thus,
AV • N « 1000
v at
where v = Initial reaction rate, pinoles/min 
N = Normality of NaOH
AT = Time elapsed in the chosen portion of the curve, min.
AV = Volume of NaOH introduced corresponding to AT, ml 
Data thus obtained are recorded in Table VIII. Michaelis-Menten plots, 
v vs [sL and Woolf plots, [S]/v vs [S], are shown in Figures X and XI 
in the discussion section, and in Figures XIX-XXVIII on the following 
pages.
A similar procedure was employed in the investigations of the 
influence of pH and the effect of storage on the activity of immobilized 
and free trypsin . Table XI summaries the results and conditions of 
the pH experiment and Figure XVII shows the graph of pH vs maximum 
activity observed. A graph of $ original activity vs time is present­
ed in Figure XVIII.
(b) Active Site Titration
The active site titration was conducted in a recirculation reac­














Figure XIX. (A) Michaelis-Menten plot and (b ) Woolf plot for trypsin
CVB hydrogel sulfonyl carbamate (1-7). Reaction conditions






Figure XX. (A) Michaelis-Menten plot and (b ) Woolf plot for trypsin
CVB hydrogel sulfonyl carbamate (18). Reaction condi­
















Figure XXI. (A) Michaelis-Menten plot and (b ) Woolf plot for trypsin
CVB hydrogel sulfonyl carbamate (19)» Reaction condi­
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Figure XXII. (A) Michae1is-Menten plot and (B) Woolf plot for trypsin 
CVB hydrogel sulfonyl carbamate (20)• Reaction condi­
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Figure XXIII. (A) Michaelis-Menten plot and (b ) Woolf plot for trypsin
CVB hydrogel sulfonyl carbamate (21). Reaction condi­
tions are summarized in Table VIII.
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Figure XIII. Briefly, the system consisted of a micro packed bed 
reactor, a fluid reservoir, a spectrophotometer, and a flow-through 
cell. A syringe jacket (5 ml) with a little glass wool at the 
bottom to support the solid-phase catalyst was used as the reactor, 
and 10 ml vial served as the fluid reservoir. A peristaltic pump 
(Reeve Angel PP-4-A), Beckman DB-G spectrophotometer with a strip 
recorder, and a flow cell assembly (10 mm path length, Beckman 
97290) were used to complete the system.
To the reactor, removed from the system, was added 10.0 ml of 
a stock suspension of an immobilized enzyme. After filtering off 
the original buffer, the residue was washed with water and then 
with veronal buffer, pH 8.3. The remainder of the system was filled 
with 0.12 mM NPGB solution, freshly prepared by diluting 5 mM NPGB 
in DMF with veronal pH 8.3 buffer. The DB-G spectrophotometer was 
set at ^10 run and the slow rate of pre-burst hydrolysis was recorded.
The active site titration was initiated by starting the pump 
increasing the recirculation pump speed to a flow rate of 10 m./min, 
and finally inserting the reactor containing the enzyme into the 
system. The increased absorption due to the burst and the following 
slow post-burst hydrolysis was traced on the strip recorder. The 
magnitude of the burst was obtained by simple extrapolation of pre- 
and post-burst hydrolysis rates to the point of the initial enzyme- 
tltrant contact. The fluid was pumped from the system and its volume 
was accurately measured. Active site concentration in free trypsin 
was determined by treating a sample of the enzyme with excess of NPGB
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and measuring the absorbance change of the solution.
The concentration of the active sites can be estimated using 
the equation,
Active Trypsin, mg_____  25.8 ° 10"3 ° AA • Vt
ml Bound Trypsin Suspension e . b ° Vb
where A = "Burst" absorbance
Vt = Total fluid volume, ml 
e410 = Extinction coefficient of p-nitrophenol 
(found to be 1.8 x 10“4 M”1 cm'1) 
b = Flow cell path length, cm 
Vb - Volume of stock trypsin suspension, ml 
Figure XV shows a recorder trace of 17.0 mg of trypsin CVB- 
PHEMA-p-aminobenzenesulfony1 carbamate (16) being titrated by 19.75 ml 
of 0.12 mM NPGB in pH 8.5 veronal buffer; burst, 0.060 A. Table XXI 
summarizes the calculated results.









Bound 0.351 0.103 0.311
calculated from GC protein analysis data 
calculated from active site titration data
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(c) Spectrophotometric Determination of Casein Hydrolysis
Into 10 ml centrifuge tubes immersed in a 35° water bath were 
introduced successively varying amounts of free enzyme and immobilized 
enzyme samples, and the total volume in each tube was adjusted to
1.0 ml with pH 7.6 phosphate buffer. To each tube was added 1.0 ml 
of Vjo casein in pH 7.6 buffer and a timer was started simultaneously. 
After exactly 20 minutes, 3°0 nil of 5jo trichloroacetic acid solution 
was added to each tube in the same order and at the same interval.
The contents of the tubes were allowed to stand for at least 30 
minutes at room temperature before filtration. The optical 
density of the filtrate was then measured at 280 nm. Table X sum­
marizes the results and conditions of the experiment, and Figure XVI 
shows the plots of optical density vs enzyme concentration. The 
slope of the initial part of the plotted curve is a measure of the
CciSspecific activity of the preparation in TU units as defined in the 
discussion section.
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